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CHAPTER 1 
Introduction 
Haemodlalysis or treatment with the aid of an artificial Kidney is a procedure 
which, even if performed under optimal conditions, compares poorly with the 
manner in which the real kidneys function. The differences are quantitative as 
well as qualitative. Real kidneys exert their function on an ultrafiltrate of blood 
plasma. This ultrafiltrate is formed as a result of a pressure difference 
between, on the one hand, the pressure in the vascular system transmitted to the 
blood side of the glomerular membrane and, on the other hand, the atmospheric 
pressure transmitted to the urine side of the same membrane. About one-quarter 
of the minute volume of the heart, i.e. about one litre of blood per minute, 
participates in this process. The amount of ultrafiltrate averages 120 ml per 
minute. Beyond this process, which according to current views is a passive one, 
the kidney places an ingenious system of efferent ducts in which the ultrafiltrate 
is transformed to final-stage urine. This transforming process is subject to the 
influence of several physiological control mechanisms which, with wonderful 
accuracy, adjust both the amount and the composition of the final-stage urine 
to the requirements of homoeostatic control of the amount and composition of 
body fluids. In addition to this excretory activity the normal kidney also exerts 
endocrine functions: it controls the haemoglobin concentration through the pro-
duction of erythropoietin, and the blood pressure through the production of renin. 
The genius required to accommodate these functions, and other functions not yet 
mentioned, in two organs weighing 150 g, has so far remained far beyond the 
reach of the designers of artificial kidneys. 
All artificial kidneys in current use are applications of the physical principle of 
diffusion in an extracorporeal system. Instead of the glomerular membrane, 
artificial membranes are employed which, in actual practice, are made of 
cellophane or regenerated cellulose. 
The extracorporeal character of the procedure limits the amount of blood which 
can participate in the process; this amount can never exceed 25-50% of the 
subject's own renal circulation, since withdrawal of more than 500 ml blood from 
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the organism would lead to intolerable hypotension. The process of ultrafiltration 
is replaced by an exchange of dissolved constituents by diffusion along concen-
tration differences. The exceedingly well-differentiated function of the tubular 
system is replaced by very limited possibilities of manipulating the diffusion 
process by varying the concentration gradients. 
With the artificial kidney, one can of course only withdraw from the organism 
such substances as occur free in the extracellular fluid, and whose molecular 
size permits their passage through the cellulose membrane. Because the 
concentrations of some of the substances to be withdrawn may vary only within 
narrow limits in the patient, the concentration gradients which can be applied are 
relatively small. And consequently large amounts of dialysate and a relatively 
long period of treatment are required to achieve adequate haemodialysis. This is 
one of the factors which confine the dialysis patient to a place surrounded by 
technical equipment, which deprives him of the social contacts so indispensable 
to human life. It implies that for long-term treatment an intermittent programme 
is required which, after each session, leaves the patient untreated for some time 
before the next session starts. This procedure is known as chronic intermittent 
haemodialysis, or regular dialysis therapy. Finally it is to be borne in mind that 
the use of technical aids to replace the renal function introduces a number of 
risks based on the errors which inevitably accompany all human activities. 
Considering all these facts, it is at the very least surprising that it has proved 
possible, in actual practice, to give a relatively large percentage of patients 
several years of life, and even acceptable life, by means of chronic intermittent 
haemodialysis. 
In addition, intermittent haemodialysis is of great importance in a second method 
of replacing renal function, which if successful is superior: kidney transplantation. 
It is by virtue of haemodialysis that this method of treatment could be evolved. 
Intermittent haemodialysis will be indispensable in future in preparing the patient, 
in selecting the optimally suitable transplant, in coping with failures of trans-
plantation, and in bridging the interval until a subsequent transplantation. It 
therefore seems necessary to continue all efforts to ensure optdmalization of 
treatment with the artificial kidney. 
The notion of replacing renal function by applying the principles of diffusion and 
osmosis was born towards the end of the 19th century. After Graham's experi-
ments (1862) in separating crystalline and colloidal constituents of a solution by 
dialysis across parchment, it was observed by Wegner (1876) during experiments 
with peritoneal dialysis in test animals that fluid could be eliminated from a test 
animal by using hypertonic dialysate. He introduced 50 ml of a concentrated sugar 
solution into the abdominal cavity of a rabbit, and one hour later harvested 235 ml 
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of a sweet-tasting, clear fluid. Within one hour 185 ml (i.e. about 8% of the body 
weight) had been eliminated from the test animal. 
The first purposeful experiments with extracorporeal dialysis were described 
to a symposium by Abel et al. in 1912, and published in 1913 and 1914. They had 
designed an apparatus which consisted of celloidin tubes in glass cylinder. They 
guided the blood of their test animals through these tubes and dialysed against a 
dialysate which surrounded the tubes in the cylinder. They demonstrated that many 
substances can be eliminated from the organism in this way, and anticipated later 
developments with the remark: 'The a p p a r a t u s may be c a l l e d an a r t i -
f i c i a l k idney in the s e n s e that i t a l l o w s the e s c a p e of the 
d i f f u s i b l e c o n s t i t u e n t s of the blood, but i t d i f f e r s f rom the 
n a t u r a l organ in that i t m a k e s no d i s t i n c t i o n b e t w e e n t h e s e 
c o n s t i t u e n t s , the r a t e of t h e i r e l i m i n a t i o n b e i n g . . . . p r o p o r t i o -
nal to the c o e f f i c i e n t of d i f f u s i o n . . . . H o w e v e r , any g i v e n 
c o n s t i t u e n t of the b lood . . . . can be r e t a i n e d in the body by a 
s i m p l e e x p e d i e n t when so d e s i r e d ' . Technical problems attending the 
manufacture of the celloidin tubes and the preparation of an anticoagulant with 
the aid of extracts from hundreds of leeches precluded the use of this method in 
patients. This is why the attention initially focused on intracorporeal dialysis 
techniques. 
In 1918 Ganter attempted to apply dialysis in the pleural cavity of a patient 
suffering from uraemia. He was the first to observe the improvement which this 
method could produce in the patient's clinical condition: 'Very soon an un-
m i s t a k a b l e c h a n g e o c c u r red in the c l i n i c a l s y n d r o m e : the head-
a c h e s d i s a p p e a r e d , v o m i t i n g c e a s e d , the s e n s o r i u m c l e a r e d 
and the p a t i e n t , who had shown m a r k e d o r t h o p n o e a , was a b l e to 
l i e down again' . Some doubt about the objectivity of this author arises when 
we read in a paper which he published in 1923 that, after introduction of 1.5 1 
physiological saline solution ata first acute peritoneal dialysis,: 'the r e l a t i v e s 
cou ld d i s c u s s t h i n g s with the p a t i e n t again' . 
Meanwhile, Necheles (1923) had resumed the study of extracorporeal dialysis. He 
stretched bovine peritonea between wireframes, dialysed dogs, and observed that 
substantial amounts of urea and uric acid could be eliminated from the test 
animals. In the literature a discussion developed between Necheles and Haas 
about the anticoagulant to be used. In 1925 this ended with a report in which Haas 
stated that, using non-toxic hirudin, he had submitted a uraemic patient to 15 
minutes' extracorporeal circulation, thereby washing out the amount of indican 
contained in 150 ml blood. This was the first evidence of the feasibility of dialysis 
in the human individual. Achievements of subsequent years were the preparation 
of a purified non-toxic anticoagulant, heparin (Charles and Scott 1933), and the 
introduction of cellophane (Thalhimer 1938). Subsequently it was the unique 
achievement of the Dutch investigator Willem Kolff to design a clinically usable 
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artificial kidney, use it in the treatment of patients, and report the results in the 
number of excellent publications (Kollf et al. 1943; Kolff et al. 1944; Kolff 1946) 
- all within the space of a few years. He was the first to predict the possibility 
of chronic intermittent haemodialysis, and to define the limiting factor in the 
sentence: 'We b e l i e v e that p a t i e n t s with u r a e m i a and a n u r i a can 
be kept a l i v e as long as blood v e s s e l s a r e a v a i l a b l e for punc-
ture' . 
The years following World War II witnessed a rapid increase in the use of extra-
corporeal dialysis, also abroad, under the influence of Kolff and the Swedish 
investigator Al wall. But the initial applications of extracorporeal circulation, 
were restricted to patients with acute reversible renal failure. In The Netherlands, 
Twiss (1957), trained under Kolff in Kampen, was the only one to use haemodia-
lysis until about 1960; at the same time peritoneal dialysis was elaborated and 
refined in The Netherlands through the efforts of Boen (1959). 
At the end of the Fifties the first attempts were made at intermittent dialysis of 
patients with irreversible renal failure. It is now rather amusing to see how 
proudly the authors of pertinent publications mention the duration of treatment 
in their titles: 'Two c a s e s of g r o s s r e n a l n e c r o s i s in p r e g n a n c y 
with s e v e r e o l i g u r i a and a n u r i a for 116 and 79 d a y s r e s p e c -
t i v e l y ' (Alwall et al. 1958), and: ' S u c c e s s f u l i n t e r m i t t e n t h e m o d i a -
l y s i s ; l o n g e s t r e p o r t e d m a i n t e n a n c e of l i f e in t r u e o l i g u r i a 
(181 d a y s ) ' (Maher et al. 1960). 
The development of implantable teflon and silicone rubber cannula systems by 
Scribner and his ingenious collaborator Quinton paved the way towards true 
intermittent haemodialysis (Quinton et al. 1960). A second method of rendering 
blood vessels accessible via a surgical arteriovenous fistula was evolved in 1966 
by Brescia and Cimino (Brescia et al. 1966). 
The industry has made an important contribution to the development of the 
artificial kidney equipment since 1960. Numerous ingenious variants on the 
abovementioned principles were designed in various countries, both for the proce-
dure of dialysis proper and for the preparation of dialysates and flow systems. 
The designers have of course also been engaged in testing their designs, and 
their test findings were distributed along with the equipment. However, these data 
often bear the stamp of the brochure or prospectus for which they were collected. 
Most of them originate from experiments under laboratory conditions with an 
ideal specimen, and standard deviations or ranges are seldom given, particularly 
not those that are introduced by application under clinical conditions. The 
literature does include some comparative studies of artificial kidney types under 
clinical conditions, but to our knowledge systematic studies of several para-
meters for a large number of artificial kidneys have not been published. 
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This explains the fact that, in the introduction to his recently published thesis 
entitled ' C o m p a r a t i v e p e r f o r m a n c e of a r t i f i c i a l Kidneys',Kooyman 
had to rely almost entirely on data obtained f rom manufacturers' catalogues. The 
tird part of Kooyman's thesis presented a fundamental study, 'main ly a i m e d 
at c h e m i c a l e n g i n e e r s ' . The investigation to be described in this thesis was 
made in an effort to add to Kooyman's fundamental study by collecting compara-
tive data on the principal parameters for the currently used artificial kidney 
types, on the basis of measurements made during their clinical use, always with 
the same dialysate flow system. 
The results of this investigation are presented, not so much in an attempt to 
identify the artificial kidney type of choice as in an effort to show the clinician 
under which circumstances a particular type of artificial kidney can be most 
effectively used. This knowledge can offer him a new possibility to bridge, at least 
in part, the gap between the regulatory abilities of the artificial and the real 
kidney. 
S 
CHAPTER 2 
Theoretical aspects of 
dialyser performance 
In principle, haemodialysis is a process of exchange of substance between two 
fluids through a partition. The fluids are actually blood and a prepared solution 
known as dialysate. Blood and dialysate can flow in the same direction (cocurrent), 
in opposite direction (countercurrent), in crossflow, or without a specific 
direction of the dialysate flow (mixed flow). In the majority of dialysers now in 
use, the dialysate flow is either countercurrent or mixed. The partition between 
the two fluids consists of a membrane which should be impermeable to plasma 
proteins, blood cells, micro-organisms, viruses, pyrogens and toxins, and 
permeable to plasma solutes. Membranes now in use consist of cellulose, either 
as a film or in tubular form. The technicalities of the manufacture of these 
membranes are beyond the scope of this discussion. The exchange of solutes is 
effected by diffusion, i.e. in the context of a neutralization of differences in solute 
concentrations between the two fluids. This neutralization could also be effected 
by exchange of water in the opposite direction. This, however, is as a rule 
prevented by adding glucose to the dialysate to make it slightly hypertonic in 
relation to the blood. It is also possible to aim at net exchange of water, usually 
by introducing a hydrostatic pressure difference between the blood compartment 
and the dialysate compartment. This net exchange is known as ultrafiltration and 
takes place in the direction of the dialysate. 
The principal criterion of dialyser performance is the rate of diffusion of the 
solutes. It is meaningful to measure this rate on substances for whose elimination 
from the organism haemodialysis is employed, e.g. urea, creatinine and uric 
acid. 
Theoretically, the haemodialysis process can be studied in several different 
ways. The most complicated but at first sight perhaps most important method is 
that of measuring the effects in terms of concentrations found in the patient. This 
approach, however, requires a knowledge of, and has to reckon from patient to 
patient with factors as, the rate of production of the substance in question in the 
organism, the biological range of concentrations in body compartments, and 
diffusion rates from one body compartment to another. Such an approach the re-
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fore encompasses too many unknown and individually variable factors to be 
mangeable in the study of dialyser properties. 
A second approach focuses on the exchange of substance in the dialyser, and 
specifically on the loss of solutes from the blood or the gain of solutes in the 
dialysate. In 1951 Wolf et al. introduced the dialysance concept as an analogue to 
the clearance concept which Van Slyke et al. had introduced in renal physiology 
(Austin et al. 1921, Möller et al. 1929). Dialysance can be defined as the minute 
rate of net exchange of a substance between blood and dialysate per unit of blood-
dialysate concentration difference. As compared with earlier approaches (Kolff 
1946; Alwall 1947; Merrill 1950), the approach via dialysance has the advantage 
of considering the exchange of substance independent of the concentration 
difference which means, in case of metabolic end products, independent of the 
concentration of the substance in question in the patient's plasma. Moreover, it 
affords the possibility of direct comparison with the clearance of the real kidney. 
A third approach focuses on the properties of the membrane: permeability and 
surface area. This approach was chosen by Graham and Rademacher (1952) and 
later perfected by Renkin (1956), who demonstrated that his observations were 
consistent with the equation he evolved from the law of Pick and the elementary 
properties of the membrane. 
However, dialyser performance cannot be assessed solely on the basis of these 
permeability characteristics. A factor of equal importance is the flow rate which 
the equipment allows at a given pressure difference or, in other words, the resis-
tance of the dialyser to the blood flow. It will be subsequently shown that the 
process of ultrafiltration, which is of great practical importance in this respect, 
does not readily lend itself to theoretical study. The same applies to other 
properties which are determinant factors in dialyser performance, e.g. the size 
of the extracorporeal blood volume in the dialyser with its inflow and outflow 
systems; the size of the blood rest after draining; the elaborateness of the 
equipment; the risk of technical defects and their consequences; and the cost. 
These factors will be discussed, at least in part, on an empirical basis. 
Dialysis and permeability 
Reverting to the exchange of substance, a more detailed discussion of the 
dialysance concept will first be presented. The following symbols will be used: 
the blood flow rate at the inlet, at point x, or at the outlet of 
the blood compartment (ml/min). 
the dialysate flow rate at the inlet, at point y, or at the outlet 
of the dialysate compartment (ml/min). 
the concentration of the substance in question in the blood 
at the inlet, at point x, or at the outlet of the blood compart-
ment (mg/1). 
«Bi· V ' ^Во : 
<>Di' V · ^Do : 
C B i I C Bx· C Bo : 
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^Di' ''Dv' ^Do : * e concentration of the substance in question in the dialysate 
at the inlet, at point y, or at the outlet of the dialysate com­
partment (mg/1). 
¥
m
, Pg> PJJ, Ρ : permeability of the membrane, blood film or dialysate film, 
or total permeability of the partition between blood and 
dialysate (cm/min). 
A surface area of the partition between blood and dialysate 
(sq.cm). 
resistance of the membrane, blood film or dialysate film, 
or total resistance to exchange of substance (min/cm). 
width of the blood film (cm). 
length of the blood film (cm). 
height of the blood film (cm). 
blood volume in the dialyser (ml). 
dialysance as measured by the rate of disappearance of a 
substance from the blood or the rate of appearance of a 
substance in the dialysate (ml/min). 
pressure of the inflowing or outflowing blood (cm H2O). 
resistance to blood flow (g.min/1). 
base of natural logarithm. 
net exchange of water from blood to dialysate, i.e. ultra­
filtration (ml/min). 
In the absence of ultrafiltration (Фз
А
 = ¿)Bo = <5в. ^Do = ^ Di = ^ D> a n d F = 0)> 
dialysance can be defined, following Wolf et al. (1951), as the net exchange of a 
substance per unit of time and per unit of blood-dialysate concentration gradient, 
so that: ρ с, 
D R = Q p B i " "β (1) 
B В С
В І -
С
Ш 
D n = Q n С р о ' С р і (2) 
υ υ
 Γ - г 
l
-Bi ^Di 
When the inflowing dialysate does not contain the substance in question so that 
Сщ = О, these equations become: 
Р в ^ в ^ "
 С в о ( 3 ) 
L B i 
Dn = Qn - ^ - (4) 
R
m· 
w 
1 
h 
V 
D B ' 
P Bi· 
R b 
e 
F 
RB, 
D D 
P Bo 
RD; 
JO 
C Bi 
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The dialysance dimension is volume per unit of time (ml/min). Wolf et al. made 
their first studies of the relationship between dialysance and blood flow rate at a 
constant mixed dialysate flow in Kolff's rotating-drum dialyser. Their findings 
are given in figure 2.1. 
(ml/min) 
MOO 
3 0 0 -
2 0 0 -
1 0 0 -
100 200 30O 4 0 0 5 0 0 
Q g (ml / m m ) 
Fig. 2.1: Relationship between dialysance and blood flow rate for four substances. 
Data derived from Wolf et al. (1951). 
The figure shows that, in the range considered, dialysance is a monotonously 
ascending non-linear function of the blood flow rate, and substance - dependent. 
Wolf et al. also introduced the concept of 'relative dialysance'. They compared 
the dialysance of the various substances at a blood flow rate of 500 ml/min with 
that of a reference substance: urea. A few data from their publication of more 
than 20 years ago are presented in table 2.1. 
It can be seen that, during haemodialysis, many substances are transferred from 
the blood plasma to the dialysate. 
Graham and Rademacher considered Wolf's principles in a comparative study in 
1952. They compared three types of dialyser: a model with a standard arrangement 
of stagnant blood and flowing dialysate; a plate dialyser with facilities for 
cocurrent and countercurrent blood flow; and the rotating-drum dialyser. For 
their in-vitro experiments they used a dextrose solution in the blood compartment 
and magnesium sulphate in the dialysate. The arterial concentrations were the 
same in all set-ups. They found that exchange of substance depended on the 
amount of 'blood' which passed through the dialyser. They introduced a new para-
meter: efficiency of exchange of substance per unit of membrane surface area 
(g/sq.cm). It was found that the amount of substance exchanged per unit of surface 
area in the rotating drum dialyser was much smaller than that in the plate 
dialyser. It was also established that exchange of substance is promoted by 
countercurrent flow of blood and dialysate. 
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Table 2.1: Dialysance and relative dialysance for various substances, derived 
from experiments with a rotating drum dialyser (Wolf et al. 1951) 
Relative 
Substance Dialysance dialysance 
(ml/min) 
chloride 
urea 
potassium 
sodium 
creatinine 
bicarbonate 
tryptophan 
alanine 
uric acid 
glucose 
calcium 
magnesium 
glutamic acid 
inorganic phosphate 
310 
300 
300 
235 
169 
168 
150 
148 
135 
120 
60-152 
100 
96 
92 
1.03 
1.00 
1.00 
0.78 
0.56 
0.56 
0.50 
0.49 
0.45 
0.40 
0.21-0.51 
0.33 
0.32 
0.31 
In 1956 Renkin described the dialyser as a balance system subject to Pick's 
diffusion law. This law holds that the rate of diffusion is proportional to the 
concentration difference between two fluids, the permeability of the membrane to 
the solute, and the surface area. Application of this law leads to the equation: 
PA 
D B = Q B ( 1 - е " S (5) 
For the in-vitro experiments Renkin used as dialyser model a tube immersed in 
a well-stirred dialysate. In his publication Renkin calculated dialysance as a 
function of Qg for different values of product PA (Fig. 2.2), and he demonstrated 
that his findings were quite consistent (fig. 2.3) with the experimental findings 
published by Wolf et al. (fig. 2.1). 
It follows from figure 2.3 that, for high PA values, dialysance becomes equal to 
the blood flow rate. For small Q Q as compared with PA, dialysance is flow-
limited. 
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D( ml/min ) 
300 π 
200 
100 
100 
χ ΡΑ (ml/mpn) 
/ / ( 5 0 0 ) 
200 . 300 
Qg (ml/mm) 
Fig. 2.2.: Theoretical dialysance-flow curves for different values of the permea­
bility-area product PA, according to Renkin (1956). 
D(rn 
5 0 0 - , 
4 0 0 -
3 0 0 -
2 0 0 -
100-
/ m i n 
A 
£ f* 
) 
// 
^ 
• 
L 
/ 
// 
* • 
/ 
/ 
/ О 
j T о 
0 
_ · ·— 
л — 
/ 
/ 
/ 
" о 
Δ 
• 
*_ 
/ 
/ 
О 
о
 0 
Δ 
й 
Δ Δ 
• 
— Α ­
ΡΑ (ml/min,) 
urea (420) 
creatinine (1β0) 
phosphate С 9 5 ) 
phenol red (35 ) 
100 200 300 -400 500 
Q g ( ml / m i n ) 
Fig. 2.3: Dialysance-flow curves fitted to the experimental measurements of 
Wolf et al. on the rotating drum dialyser (1951), according to Renkin (1956). 
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Total membrane permeability can be denned as the quotient of exchange of sub­
stance and the product of surface area and mean concentration difference ДС 
(Galletti 1967). 
„ ^В
 ( С
В І -
 С
В о
) 
р
 = — A l e ( 6 ) 
with 
Δ Ci - Δ Co 
л с
 = Zei" ( 7 ) 
1η
 ΔΐΓ 
in which ДСі and ACo represent the changes in concentration at the inlet and at 
the outlet of the dialyser, respectively. 
For the different flow types these concentration changes become: 
ACi = C B i - Cjjj ACo = CBo - Cj^ (cocurrent flow) 
ACi = C B i - C D o ACo = C^0- CJJJ (countercurrent flow) 
A C Ì
 =
 С
ВІ -
 C Do Л С о = C Bo - C D o ( , n i x e d n o w ) 
Substituting these concentration gradient in equation (6) we obtain: 
¿ U C -C ) [ln(C -C ) - ln(C -C )1 
B B i B o L B i D i Bo Do J 
A
 ( c „ . - c ^ . - c ^ + c ^ ) Bi Di Bo Do 
(cocurrent) (8) 
B B i B o L B i D o B o D i J 
Ρ =
 A ( c . с -С +C ) (countercurrent) (9) 
Bi Do Bo Di 
% 
P = ^(Cßi-Cj^) -. IniC^-Cjj,,) (mixed flow) (10) 
With the aid of the equations of Wolf et al. (equations 1 and 2) and equations (6) and 
(7), Ρ can be expressed in dialysance and flow. 
Cocurrent flow: 
4 B 4 D 1 
P = — - — in - ^
 π
- (11) 
А< 1-Л-^-
Q B Q D 
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Countercurrent flow: 
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A ( W 
Mixed flow: 
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Only when QD i s much larger than ^g do equations (11), (12) and (13) become: 
% 1 
Ρ
 =
— in — L - (14) 
A 1 - В 
PA 
or: D = Ò (1 - e ) (15) = (5) 
В 
The permeability concept was carefully analysed by Leonard and Bluemle (1958, 
1960). In haemodialysis, actually, the molecule which is transferred from blood 
to dialysate must pass through three media: a film which consists of a layer of 
blood, the membrane proper, and a film which consists of dialysate. Each of these 
three layers offers resistance to the exchange of substance. The total resistance 
is determined by the sum of the resistances of the three separate layers. Resis­
tance is the reciprocal value of permeability so that: 
R = — , (16) 
Ρ 
in which R is the resistance offered by the entire partition, with the dimension 
min/cm. It follows, therefore, that: 
1 1 1 1 
В M D 
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in which PJ^J, P3, Pj) and Ρ respectively represent membrane permeability, 
blood film permeability, dialysate film permeability and total permeability in 
cm/min. AU these permeabilities are dependent on the rate of diffusion of the 
permeating substance in the solvent. When diffusion through the membrane takes 
place via pores, as is the case with cellophane membranes, membrane permea­
bility also depends on the number of pores in proportion to the molucular diameter 
of the diffusing substance, the lenght of the pores, the thickness of the membrane, 
and the shape of the pore canal (expressed in a factor which indicates the mean 
degree of deviation of the pores from linearity). Blood film permeability and 
dialysate film permeability are largely dependent on the geometry of the dialyser 
and the resulting flow characteristics. The molecules closest to the membrane 
will be the first to diffuse; more centrally localized molecules will meet more 
resistance than molecules closer to the membrane. Permeability, therefore, will 
diminish. This means that, in order to achieve higher blood film permeability, 
the blood compartment's height has to be reduced. 
Leonard and Bluemle (1960) studied resistances and permeabilities with sodium 
chloride as diffusing substance. The resistance of the cellulose membrane was 
measured in a chamber in which the fluid on either side of the membrane was 
submitted to marked turbulence. The resistance of the blood compartment was 
calculated from geometrical data such as its height and length, while total 
permeability was measured from the actual exchange of substance. In this 
experimental set-up they found the folowing values: 
R M = 0.33 xlO
4
 sec/cm Р м = 3 x l 0 ~ 4 cm/sec 
RB = 0.17xlO
4
 sec/cm Р в = 6 x l 0 ~ 4 cm/sec 
RD = 0.67xl0
4
 sec/cm P D = 1.5 xlO"
4
 cm/sec 
R = 1.17xlO4 sec/cm Ρ = 0.86χ IO"4 cm/sec 
It can be concluded that 72% of the resistance to sodium chloride diffusion was 
determined by the blood and dialysate films, while only 28% was determined by 
the membrane. 
Similar percentages were found by Bluemleetal. (1960) for the MacNeill-Collins 
dialyser at a dialysate flow rate of 1000 ml/min in cocurrent flow. Sodium 
chloride was again used as diffusing substance, and the resistance distribution 
was as follows: 
RD = 50% RB = 30% RM = 20%. 
This means that improvement of dialyser performance is not to be sought 
primarily in an increase of membrane permeability but rather in an attempt to 
reduce blood film and dialysate film resistances by optimalization of the geometry 
of the equipment. In their lastmentioned publication Leonard and Bluemle demon­
strated that the total resistance to exchange of substance diminishes with an 
increase in both Qg and QQ. 
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Michaels (1966) made an even more theoretical approach to the exchange 
problem. His starting-point, too, was the contention that the substance must pass 
through three layers: blood, membrane and dialysate. He derived an equation 
which shows that, upon substitution of the percentual contributions of the separate 
resistances to the total resistance, use of a membrane with a resistance reduced 
to 10%, all other conditions remaining equal, ensures an increase in exchange of 
substance by only 20%. With such a membrane, exchange of substance could be 
quintupled if the combined resistance of blood film and dialysate film could be 
reduced by 77%, always supposing that the flow characteristics remained 
unchanged. But this implies such a reduction in size of the blood and dialysate 
compartments that the question arises, for both, whether resistance to blood and 
dialysate flow would not become excessive, while for the blood compartment in 
particular limiting factors of a biological nature (e.g. blood coagulation and 
heamolysis) would have to be considered. Nevertheless, for optimalization of 
dialyser performance it is more important to improve the geometry of the equip­
ment than to increase the permeability of the membrane. 
Sweeney and Galletti (1964) made a good contribution to dialyser optimalization. 
For a cocurrent flow system it is true that: 
с», с: с: с Bi - Во . Do - Di ,,„.. Q = Ó (18) 
В С - С
 4 D С - С 
Ві Di Bi Di 
Since the concentration of a solute at the outlet of the blood compartment can 
never be lower than its concentration at the outlet of the dialysate compartment, 
maximum exchange of substance will be achieved if the final concentrations are 
equal. We write C
e
 for the final concentration. After substitution we obtain: 
c
 QB S i
 + ^D
 C D i 
e =
 V % 
Substitution of C
e
 in equation (18) gives: 
Ч
В D 
DB=DD=Dmax=-S-n£ 
_ ! 1 1 (19) 
max В D 
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This shows that maximum dialysance is determined by the blood flow rate and the 
dialysate flow rate, as already established by Renkin et al. In actual practice it 
can be deduced from equation (19) that, given for example a Qjj of 200 ml/min 
and a QQ of 500 ml/min, the dialysance of no substance could exceed 143 ml/min. 
The question arises whether all these considerations could lead to a parameter 
of dialyser performance which for any reason would be preferable to dialysance. 
According to Michaels (1966) this is to be found in fraction Dg /0g because this 
is the quotient of actual and maximum attainable dialysance. Resolving equations 
(11), (12) and (13) for Dß/Qß he found 
at cocurrent flow: 
DB 1
 Γι e
 B 
a - Φ
 1
 -
e 
B
 ' A 
at countercurrent flow: 
P A ( i - B ) 
D
D ,
 B D 
В 1 - е 
d ' Q 
at mixed flow: 
PA 
В 1 - е 
^в " ? А 
!
 + »d . e
 B ) 
Q D 
* (20) 
(21) 
(22) 
Michaels constructed graphs showing these three functions at different values of 
parameter PA/Qjj (figure 2.4). 
These data given information, on the one hand on the significance of the variables 
in the dialysis process, and on the other hand on factors which may limit the 
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Fig. 2.4: Dialyser performance criteria according to Michaels (1966), in 
cocurrent flow, in countercurrent flow and in mixed flow. 
actual dialyserperformance. We find, for example, that the influence of parameter 
PA on D Q / Q Q diminishes as Qg/Qj) increases. This means that with an increasing 
Qg or a decreasing QQ the exchange of substance becomes increasingly dependent 
on the type of membrane and its surface area. We also find that a decrease in 
Q Q / Q D leads to an appreciable increase in D Q / Q Q only at a very high PA value, 
and that even then low Q Q / Q D values are required to ensure approximation of 
dialysance to blood flow. Finally, these graphs can be used in order to establish 
the actual PA at given Qg, § D and DQ and to compare it with the optimal PA for 
the dialyser studied. The membrane-fluid contact in the dialyser must be consi-
dered to be as much less efficient as the actual PA differs from the ideal. 
In 1966 Sweeney introduced a different reference substance for the relative 
dialysance principle of Wolff et al.; he used chloride instead of urea. Also, he 
introduced the concept of relative permeability coefficient: the coefficient between 
the PA for a given substance and that for chloride. According to his measure-
ments, this coefficient was fairly constant in the flow rate range from 25 to 250 
tnl/min. Practical application of this parameter, however, is very cumbersome. 
In general, moreover, the parameter dialysance as calculated from the blood 
release carries a number of disadvantages which, so far as we Know, are 
insufficiently considered in the literature. Although Wolffetal. (1951) documented 
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dialysance both from the loss of substance from the blood and from the gain in 
the dialysate, all subsequent data on the dialysance of dialysers have been 
obtained by the firstmentioned method, i.e. they were calculated with the aid of 
equation (1) or (3). These equations, however, are valid only if the flow rate of the 
carrier of the substance studied is substituted for Qg. Specifically, a deviation is 
found for substances not evenly distributed over erythrocytes and plasma. In this 
manner, important errors can be introduced when the abovementioned equations 
are used to calculate the dialysance for substances such as creatinine and uric 
acid, the concentration of which in erythrocyte water is about 50% of that in plasma 
water (Diem and Lentner 1968). Moreover, the magnitude of this error is depen­
dent on the patient's haematocrit. For example, at a haematocrit of 0.2 1/1 the Qu­
and therefore the Dg, for urea is overestimated by 11%, and that for creatinine 
and urate by no less than 18%. The results of the determinations in blood (Cjjj and 
CJJ^ in the dialysance equations) are not entirely identical to the really relevant 
concentrations, i.e. those in the extracellular fluid. Plasma, actually, consists of 
94% water so that determination of the concentration in blood introduces an over-
estimation by about 6%. This error is of course not dependent on the haematocrit, 
and affects only the DQ. It is therefore the Dp that is underestimated by 6%. 
These considerations have two obvious implications. To begin with, the starting-
point for measuring dialysance should preferably be the yield of the substance 
in question in the dialysate, i.e. equations (2)and (4): this introduces only the 6% 
underestimation which is independent of the haematocrit. In the experimental part 
of this study this has been done. Secondly, it is advisable in comparing the 
exchange of substance in dialysers to use, if possible, a parameter which is 
independent or almost independent of the blood flow rate. 
In 1970 we (Wijdeveld, Reichert, Cox and Rosier) proposed to use the magnitude 
PA as such as a parameter of dialyser performance. It was taken into consider­
ation that this product of the permeability constant and the membrane surface 
area represents the volume which permeates into the membrane per unit of time. 
In a system limited only by the membrane, this volume is independent of the 
existing concentration gradient and of the flow rate of the carrier of the substance 
considered. In a dialyser with blood on the one side of the membrane and dialysate 
on the other side, exchange of substance takes place through a threelayer 
partitition which consists of, respectively, a layer of blood, the membrane, and a 
layer of dialysate. The thickness of the layer on the blood side depends on several 
factors, including the blood flow rate. In practical application, moreover, the 
flow profile and therefore the surface area available for diffusion is also depen­
dent on the flow rate. These two factors respectively influence factors Ρ and A. 
The values measured for product PA will therefore deviate from the product 
for the given membrane under ideal conditions. This is why Wijdeveld et al. 
introduced as parameter for comparison of dialyser performance the effective 
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volume rate of permeation into the membrane (EVPM), expressed in ml/min. They 
tried to calculate the EVPM from the relationship between the concentrations of 
the inflowing blood and the outflowing dialy sate in countercurrent flow, because in 
clinical practice these magnitudes were readily measurable. 
f = ~ (23) 
L Do 
The exchange of substance in a dialyser of length 1 at sites χ and y, respectively 
(with x + y = l), is indicated by the differential equations: 
dC w.P (C - С ) 
Bx Bx Dy 
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(25) 
Equation (25) equals equation (12) when we bear in mind that, at Cpj = O, 
D
 =
 Q !Ξ2.
=
 φ _ 1 
D С . D f 
Bi 
In equation (25), A represents the membrane surface area (equal to the product 
of width and length). Since in most dialysers exchange of substance does not take 
place through .the entire membrane surface area, and not to the same degree 
throughout, it makes good sense to interpret A as the effective surface area 
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through which permeation takes place. This surface area can be calculated with 
the aid of equation (25). 
To exemplify application of the EVPM, table 2.2 (from the 1970 publication of 
Wijdeveld et al.) presents comparative EVPM values for two commercial Kiil 
dialysers, assembled with the same cellophane (Cuprophane PT 150), with the 
same surface area. 
Table 2.2: Effective volume rate of permeation into the membrane (EVPM, mean 
± SD) of two types of Kiil dialyser, shown for urea, creatinine and uric acid. 
Kiil type A Kiil type В 
Number of EVPM Number of EVPM 
Substance observations (ml/min.) observations (ml/min.) 
urea 62 100.3±29.7 22 82.7 ±15.3 
creatinine 78 69.5 ±11.4 24 57.3 ±10.7 
uric acid 25 56.4 ± 9.5 22 47.3 ±10.5 
It was found that the EVPM for urea, creatinine and uric acid was 83%, 82% and 
84%, respectively, in type В as compared with the (100%) corresponding values 
in type A. The differences were highly significant (P < 0.001). They were ascribed 
to the unfavourable geometry of type B. This assumption was confirmed by 
determining the internal volume of the blood compartment in the absence of a 
dialysate flow in both types. Figure 2.5 shows that type В has a larger and more 
variable internal volume than type A. 
Internil volume (ml J — | 
8 0 0 -
600-
400-
200-
Fig. 2.5: Measurements of the internal volume of the blood compartments in two 
types of Kiil dialyser (Wijdeveld et al. 1970). 
typ* A type В 
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The use of the parameter EVPM, in stead of dialysance, is motivated by the aim 
to obtain a greater independence of the blood flow in the dialyser. Blood flow 
independency will make a parameter for solute transport independent of the 
distribution of the solute over plasma and erythrocytes. Furthermore, flow-
independent data on solute transport can be more easily pooled in comparative 
studies. It was already mentioned above that the magnitude PA, although flow-
independent under ideal circumstances, will come to a certain extent under the 
influence of the blood flow, in so far as blood flow will interfere with the thickness 
of the blood film as a part of the tripartite membrane, eventually also with the 
surface effectively available for diffusion of solute. This flow-dependency, 
however, has to be considered as a disturbing factor, affecting both dialysance 
and EVPM, whereas dialysance is essentially flow-dependent even under ideal 
circumstances. Unfortunately, our present data do not permit an exact definition 
of the conditions to be fulfilled for accepting blood flow independency of EVPM for 
different types of dialyser. 
All the above considerations, actually, oversimplify the process of exchange of 
substance: they presume that only solutes pass through the membrane, whereas 
in fact water exchange of course also occurs. Kiley et al.(1958) made a study of 
this water exchange. They added tritium to the blood in a twin-coil dialyser. In 
experiments they found that at a mean blood flow rate of 258 ml/min the 
dialysance for urea averaged 153 ml/min, while that for tritium averaged 189 
ml/min. This study showed that, given a presumed equal rate of diffusion of 
untreated and tritiated water, no less than 73% of the plasma water flowing 
through the dialyser was replaced by dialysate water. 
It should also be borne in mind that ultrafiltration must exert an influence on 
exchange of substance. So far, the process of ultrafiltration (the net exchange 
of water through the partition between blood and dialysate) has been disregarded. 
Such an exchange can be effected by introducing a pressure difference between 
blood compartment and dialysate compartment. In addition to this pressure 
difference, the permeability of the partition to water is a factor which determines 
the rate of ultrafiltration. For exchange of substance this has the consequence 
that equations (1) and (2) must be modified to read: 
(26) 
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If С = 0 , then: 
Ò C Ô C Φ С 
Bi Bi - Bo Bo Do Do ,
 ч D = = D = (28) 
В С D C v ' 
Bi Bi 
Indicating ultrafiltration by F, we obtain: 
'Do Di ^ i ^ B o ^ D o - V ( 2 9 ) 
Equation (28) can then be modified to read: 
Ó ( C - C ) + FC Ó C 
„
 Ч
ВІ Bi Bo Bo „ v D o Do 
D = = D = (30) 
В С D C v ' 
Bi Bi 
It follows from this that, when ultrafiltration is disregarded, the Dg is under­
estimated when F is positive. For possible correction an exceedingly accurate 
method of measuring blood flow rate should be available. However, assuming 
that 10 hours of haemodialysis eliminates 3000 ml fluid at a Qg of 150 ml/min, 
F would amount to only 3% of the ήβί- Macey and Wolf in 1960 published a compli­
cated approach to exchange of substance with ultrafiltration. They concluded that 
Renkin's equation (5) should be modified to read: 
PA 
D = (Ò - F ) (1 - e V ) , (31) 
r 15 
in which Dp = dialysance, taking ultrafiltration into account; V = the blood volume 
of the dialyser; t = the time required for the blood to pass through the dialyser. 
Like Barenberg and Kiley (1961), Macey and Wolf concluded that at substitution 
of examples from clinical practice the influence of ultrafiltration is minimal 
(about 3%). 
Galletti (1966) also made mention of the systematic underestimation of dialys-
ance, but he illustrated this by an example with an ultrafiltration of 30 ml/min, 
or 18 litres per dialysis - a performance which cannot be achieved with any of 
the conventional methods. 
Blood flow rate and resistance 
The above has shown that the volume of exchange of substance partly depends on 
the blood flow rate. The blood flow rate is determined by the pressure difference 
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over the dialyser and by the resistance which the dialyser offers to the blood flow. 
In the interaction of these factors it is also of importance that high pressure in 
the blood compartment leads to exchange of water from blood to dialysate - a 
process known as ultrafiltration. What matters in actual practice is that the 
highest possible blood flow rate is achieved at optimally adjustable ultrafiltration 
and at the pressure difference determined by the patient's blood pressure. This is 
why the resistance to the blood flow in the dialyser is a feature of dialyser 
performance. At the resistances measured in vivo, the minimum blood flow rate 
measured was 90 ml/min. 
We can define resistance as the quotient of the increase in pressure difference 
over the dialyser and the resulting increase in blood flow in the dialyser. 
Analogous to the law of Ohm for an electric current, it applies to a resistance 
to blood flow that: 
pressure difference 
blood flow rate (Q
n
) 
(32) 
In principle, deviations from the relationship indicated in equation (32) are 
possible for flow in variously shaped bodies such as the dialysers studied, and 
for a viscous fluid such as blood. This is why we experimentally studied the 
relationship between pressure difference and blood flow rate in the two principal 
types of dialyser used in this study (a plate dialyser and a coil dialyser) in the 
blood flow rate range which could be achieved in actual practice. 
The result is shown in figure 2.6, which indicates that a monotonously rising 
linear relationship was established. 
Preeeure di fference(mmHj) 
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<5B (ml/mm) 
Fig. 2.6: Relationship between blood flow rate and pressure difference over the 
dialyser for two types of dialyser. 
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Ultrafiltration rate 
Although, as discussed above, ultrafiltration does not contribute significantly to 
the transport of solutes, the rate of ultrafiltration considered from the point of 
view of net water transport is a factor of importance in practical haemodialysis. 
We are not aware of a report in the literature as a theoretical approach to ultra-
filtration as a process of water elimination. It seems reasonable to expect that 
the ultrafiltration rate will depend on the properties of the membrane and on the 
hydrostatic or osmotic pressure difference between the blood and dialysate 
compartments. A number of practical examples have been reported with regard 
to the relationship between the hydrostatic pressure or part of it, and the volume 
rate of ultrafiltration. Black (1959), using a twin-coil dialyser, found a linear 
relationship between the pressure in the blood draining tube and fluid loss in 
in-vitro experiments: per increase by 60 mm Hg, ultrafiltration increased by an 
average of 100 ml/hour. De Wardener etal. (1965) reported a linear relationship 
between weight loss and the negative pressure in the blood compartment of the 
Kill dialyser; but they found a wide range of individual values. In contrast to 
these results, Miller et al. (1966) found no such relationship. Finally Papidimi-
trou and Kulatilake (1969) described for the Kiil dialyser a linear relationship 
between on the one hand weight loss and, in the other hand, dialysate pressure 
as well as the sum of dialysate pressure and pressure in the blood- draining 
channel. 
The hydrostatic pressure in the blood compartment will be related to the pressure 
in the afferent and efferent blood channels. These external pressures, however, 
do not give insight into the pressure profile within the dialyser. Starting from the 
rectilinearity of the relation between ultrafiltration rate and pressure difference, 
it might be worthwhile to find out the combination of fractions of the pressures 
in the afferent and efferent blood channels that would give the best correlation 
with ultrafiltration rate. For clinical practice this approach is too complicated 
and not without risk for the patient. Studying dialysers with a high resistance 
we have found in the afferent channel blood pressures up to 400 mm Hg with a 
normal blood flow! Therefore, this study will confine itself to the relation 
between, on the one hand, ultrafiltration rate and, on the other hand, the sum of 
pressure in the blood drain channel and the dialysate pressure, thereby extending 
the work of Papadimitriou and Kulatilake (1969) to other types of dialyser. 
Summarizing the essence of this chapter it can be stated that differences in the 
transport of substance between types of dialyser are dependent to a relatively 
small extent upon the membrane used, and much more upon the geometry of the 
apparatus, particularly as far as it determines the real thickness of the blood 
film as a part of the tripartite membrane: blood, cellulose and dialysate. The 
geometry of the apparatus also determines the effective surface across which the 
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transport of substance takes place. The size of the transport is substance-depen-
dent and, limited to a maximum, determined by the flow rates of blood and 
dialysate. The quantitative assay of substance transport is most accurate if one 
starts from the gain in the dialysate rather then from the loss in blood. Besides 
the transport of substance a considerable exchange of water occurs between the 
patient and the dialysate. The net transport of water has an order of magnitude 
small enough to neglect the transport of solutes going along with it. The para-
meters most suitable for defining the transport of substance are the blood-flow 
dependent parameter dialysance and the, at least within the actual range, less 
flow-independent parameter EVPM. The latter can only be applied to plate 
dialysers with the dialysate flowing countercurrently to blood. The resistance, 
offered to the blood flow is another important feature of a dialyser. At a given 
blood flow it determines the pressure in the blood compartment and thereby the 
rate of net water transport or ultrafiltration. Resistance can be considered a 
linear function of blood flow and pressure difference and it can be assessed 
from these magnitudes. Apart from its size the adjustability of ultrafiltration 
rate needs consideration. 
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CHAPTER 3 
Material and methods 
Material 
Although all observations for this study were made during the clinical use of 
intermittent haemodialysis, they are fundamentally independent of the patients 
in whom the investigations were made. Suffice it therefore to mention that all 
these patients were suffering from chronic renal insufficiency in the terminal 
stage, and that their renal function had been replaced for at least a month by 
intermittent haemodialysis at a rate of three to four sessions per 14 days, the 
duration of each dialysis being 8-10 hours. 
The two dialyser departments in which this study was made, are equipped with 
a central system for supplying the dialysers with dialysate. In the Nijmegen 
department, this system was constructed by the Instrument Service of the Faculty 
of Medicine. The design of this system is shown in diagram in figure 3.1. 
The composition of the dialysate was: 
sodium 
potassium 
calcium 
magnesium 
chloride 
acetate 
glucose 
135 
1.5 
1.5 
0.5 
100 
40 
5 
mmol/l 
mmol/1 
mmol/l 
mmol/1 
mmol/l 
mmol/1 
g/1 
For the purpose of measuring the dialysate flow rate, the used dialysate was 
collected in a receptacle, and the flow rate was calculated by exact weighing of 
the net contents and dividing the volume by the length of the period of observation. 
This method will be referred to as dialysate collection method. The water heater 
ensures a dialysate temperature between 39° and 410C. In the circuit segment 
between heat exchanger and dialyser, the dialysate temperature decreases by 
2-30C, and the dialysate in the dialyser therefore has a mean temperature of 
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t * — « f 
Fig. 3.1: Diagram showing the central dialysate supply system used in Nijmegen 
(constructed by Ir. W. Reichert t.Ir.T. Zelders, Ir. J. van Oeveren and the staff 
of the Instrument Service of the Faculty of Medicine). 
1. Water softener manufactured by Reineveld N.V. Delft 2. Dry chemicals 3. 
Tank with contents of 1500 1, supplies 4 dialysers with dialysate 4. Circulation 
pump manufactured by Verder Vleuten type VV45 5. Back flow circuit for 
dialysate not taken by dialysers 6. Conductivity meter 7. Filter 8. Filter 
9. Dialysate flow meter type Brooks S/N 16606-11084/ЭЕ 10. Water heater 11. 
Thermometer for heat regulation 12. Thermometer for minimum and maximum 
safeguarding 13. Desaerator 14. Circulation pump type Eheim no 381 manufac­
tured by Eheim Deizisau 15. Reservoir of 500 ml 16. Level regulator 17. 
Magnetic valve 18. Vacuum pump 19. Dialyser 20. Mercury pressure gauge or 
membrane manometer type Econ-Wika 21. Negative pressure pump typeEL3-N 
manufactured by Watson-Marlow 22. Orifice. 
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370C, with a range not exceeding two degrees centigrade. The system for ventil­
ation of the dialysate has two components: a circulation pump (type Eheim 
centrifugal pump no 381) which causes the dialysate to circulate through the 
water heater a few times, and a 500 ml reservoir in which a negative pressure up 
to 300 mm Hg can be created with the aid of a membrane pump (Picco-Reihe 
type NK 25). This system ensures that the dialysate is free from undissolved air 
after warming. In the course of this study, two types of manometer were used to 
determine dialysate pressure: an ordinary mercury manometer anda membrane 
manometer (type Econ-wika). Both measured the negative pressure in the efferent 
part of the dialyser circuit to an accuracy of 5%. Some of the measurements were 
made in an arrangement with the dialyser disconnected from the efferent circuit 
and draining into a receptacle placed 75 cm below the level of the dialyser. In all 
experiments the dialysate flow rate was set at 500 ml/min. The dialysate flow 
meter type Brooks S/N 16606-11084/3E has an accuracy of 5%. 
The dialyser department in Den Bosch uses a commercial system of dialysate 
preparation and supply (type Dasco, model Cal. 10). 
Blood was always drained from an returned to the patient via Scribner-Quinton 
cannulae in an artery and vein, respectively. The blood circuit is shown in 
diagram in figure 3.2. 
2 
+ 
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Fig. 3.2: Diagram of the blood circuit. 
1. Patient 2. Roller pump type Watson-Marlow MHRE 3. Dialyser 4. Manome­
ter to measure pressure difference over dialyser 5. Drip chamber 6. Manometer 
to measure pressure in drip chamber, electronically linked to (2) so that the 
roller pump is automatically stopped when the pressure becomes too high 7. 
Equipment to measure the blood flow rate. 
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The roller pump in the blood circuit was started as soon as the spontaneous blood 
flow rate fell below 150 ml/min. The flow rate reached then depended on the yield 
of blood vessels and cannulae. The manometer to measure the pressure difference 
over the dialyser was a simple mercury manometer. The pressure in the drip 
chamber was measured with the aid of a membrane manometer of the same type 
as that in the efferent dialysate circuit. This manometer, had an accuracy of 5%. 
The blood flow rate was measured from the rate of passage of a flow-occluding 
air bubble of 0.5 ml over a horizontal distance of 50 cm. Timing was done by 
means of two photoelectric cells with electronic registration, or with the aid of a 
stopwatch (mark: Lemania). The flow rate was calculated by correlating the time 
of passage to the internal volume of the tubing system. The air bubble method with 
stopwatch timing has a margin of error of less than 5% (Kramer et al. 1972), 
timing with two photoelectric cells has a margin of error of 10 msec. 
Eleven* different types of dialyser were used in this study. 
1. Kiil-type plate dialysers (Kiil 1960), modified as internal gasket haemodialyser 
with clamp, obtained from the Seattle Artificial Kidney Supply Company, Seattle 
(Wash.), USA. The nine dialysers of this type used had serial numbers 70129, 
70181, 70189, 70509, 70513, 70560, 70561, 70562, and 70572. The abbreviation 
SF will be used for this type of dialyser. 
2. Kiil-type plate dialysers of the same modification, but obtained from Dasco, 
Mirandola, Italy. The ten dialysers of this type used had serial numbers 671039, 
671041, 671042, 671043, 671044, 671045, 671266, 671267, 671270 and 671271. 
Abbreviation: DK. 
3. Plate dialysers type Rhône-Poulenc (Funck-Brentano et al. 1969), obtained 
from the Société Rhône-Poulenc, Paris, France. These were disposable dialysers, 
18 of which were tested in May 1971. Abbreviation: RP. 
4. Plate dialysers type Gambro(Lindholm and Alwall 1968; Kulatilake et al. 1969; 
Kjellstrand et al. 1970; Malchesky étal. 1971; Ladefoged et al. 1971), obtained 
from Gambro AB, Lund, Sweden. Twenty of these disposable dialysers were used 
in the latter half of 1970. Abbreviation: G. 
5. The type mentioned sub 4., but with a system in which, at a constant afferent 
and efferent dialysate flow rate of 500 ml/min, a fluid pump recirculated the 
dialysate through the dialyser at a rate of 5.1 1/min. Of this type, 20 diaiysers 
were used in the former half of 1971. Abbreviation: GR. 
6. Plate dialysers of a type developed by Esmond et al. (1967), manufactured by 
the University of Maryland and obtained from Amsterdamse Chinine Fabriek. 
This type was reassembled by the importer after use. An unspecified number of 
these dialysers were used in a total of 19 experiments in the latter half of 1969. 
Abbreviation: E. 
•For a 12th type, the Gambro- Lundia Nova, the reader is referred to thesis nr. 2 added to this 
study-
SO 
7. Coil dialysers type Twincoil Ultraflow 100 (Muth 1969), manufactured by 
Travenol Laboratories, Morton Grove (111.), USA. This type, too, recirculates the 
dialysate at a rate of 16.5 l/min at a constant afferent dialysate flow rate of 500 
ml/min. Twenty of these disposable dialysers were used in the former half of 
1971. Abbreviation: UF. 
8. Type EX-01 coil dialysers (Miller et al. 1968), manufactured by Extracorporeal 
Medical Specialties Incorporated, Mount Laurel Township, (NJ), USA. This type, 
too, recirculates the dialysate at a rate of 15 1/min at a constant afferent dialysate 
flow rate of 500 ml/min. Twenty of these disposable dialysers were used in the 
former half of 1971. Abbreviation: EX. 
9. Type 50 HFR coil dialysers, manufactured by Dasco, Mirandola, Italy, recir-
culating the dialysate at a rate of 151/min at a constant afferent flow rate of 500 
ml/min. Twelve of these disposable dialysers were used in the former half of 
1971. Abbreviation: DC. 
10. The 'Hollow fiber artificial kidney' (Stewart et al. 1968; Gotch et al. 1969), 
manufactured by Cordis Corporation, Miami, USA. Model 2 of this type was used 
in the former half of 1971. Eighteen disposable dialysers of this type were studied. 
Abbreviation: HF. 
11. Plate dialysers type Gambro-Lundia (Hartitzsch et al. 1969), manufactured 
by Gambro AB, Lund, Sweden. Twenty of these disposable dialysers were studied 
in the former half of 1972. Abbreviation: GL. 
Types 1, 2, 3, 6, 7 and 8 had been or were assembled with Cuprophane PT 150; 
types 4 and 5 used Cuprophane PT 300; types 9 and 11 used Cuprophane PT 250; 
type 10 consisted of about 11000 hollow tubules made of regenerated cellulose. 
Types 1 and 2 were carefully assembled in accordance with manufacturers' 
instructions. The clamps were tightened with the aid of a pound spanner set at 
1.6 kg/m. 
The geometrical membrane surface areas specified by the manufacturers were, 
in square metres: 0.7 in EX and DC; 0.88 in RP; 0.95 in GL; 1.0 in DK, E, UF 
and HF; 1.02 in SF, G and GR. 
The principal data on the dialysers studied are listed in table 3.1. 
Methods 
D i a l y s a n c e was measured for three substances: urea, creatinine and uric 
acid, over periods of 30 minutes. In all measurements the dialysate pressure was 
kept constant: at -75 cm H2O in dialyser types 1 through 6, 10 and 11, and at 
atmospheric pressure in types 7 through 9. At the beginning and at the end of the 
observation periods, blood samples were taken on the inflow and on the outflow 
side of the dialyser. Also, the blood flow rate was determined in duplicate at the 
beginning, halfway and at the end of the observation period; the values obtained 
were averaged. For the dialysate flow rate the dialysate collection method was 
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g Table 3.1: Manufacturers' data on types of dialyser used. 
Type nr. Abbrevia- Manufacturer 
tion used 
Membrane type Membrane surface Special Internal 
or thickness area (sq.m.) features* volume (ml) 
1 
2 
3 
4,5 
6 
7 
8 
9 
10 
11 
SF 
DK 
RP 
G.GR 
E 
UF 
EX 
DC 
HF 
GL 
Sweden Artificial Kidney 
Supply Company 
Da s co 
Société Rhône-Poulenc 
Gambro AB 
Univ.Maryland 
Travenol 
Extracorporeal 
Dasco 
Cordis Corporation 
Gambro AB 
PT 150 
PT 150 
PT 150 
PT 300 
PT 150 
PT 150 
PT 150 
PT 250 
11000 tubes of 
regenerated 
cellulose 
PT 250 
1.02 
1.0 
0.88 
1.02 
1.0 
1.0 
0.7 
0.7 
1.0 
0.95 
ND 
ND 
D 
D 
ND 
D 
D 
D 
D 
D 
500 
600-650 
250-300 
130-250 
400 
350 
200 
115 
135 
90 
ND 
D 
non-disposable 
disposable 
used. Next, urea, creatinine and uric acid concentrations in the dialysate were 
determined. From these data the dialysance from dialysate was calculated 
according to the equation (4) given in chapter 2. 
A Do D = Q . 
D D C„. Bi 
The differences between the two dialysances and the resulting choice of dialysance 
from dialysate as most suitable parameter are discussed in detail in chapter 2. 
The e f f e c t i v e v o l u m e r a t e of p e r m e a t i o n i n t o the m e m b r a n e 
(EVPM) was also measured for the abovementioned substances in 30-minute 
periods in the arrangement described above. The EVPM was calculated according 
to equation (25) given in chapter 2. 
<i С,,. 
D . f - 1 Bi EVPM = - * In τ , in which f = — . Q С 
D Do 
' " T T 
The r e s i s t a n c e which the dialyser offers to the blood flow was calculated 
from the blood flow rate and the pres sure difference over the blood compartment 
according to equation (32) given in chapter 2. The blood flow rate and the pressure 
difference were determined 5 to 25 times an observation period dependent of the 
pressure difference variations. The resistance values obtained were averaged. 
During the observation period of 2 hours the dialysate pressure was kept constant: 
at -75 cm H2O in dialyser types 1 through 6, 10 and 11, and at atmospheric 
pressure in types 7 through 9. The dialysate flow was constant 500 ml/min. 
Because the resistance to the blood flow was always measured at least an hour 
after connecting the patient to the dialyser and because in all cases there was a 
constant negative dialysate pressure of 75 cm HgO, we disregarded the minimum 
pressure required to overcome the resistance which the collapsed blood compart­
ment offers to the blood flow. 
The u l t r a f i l t r a t i o n r a t e of the dialysers was studied from the relationship 
between the patient's weight loss and a parameter for the pressure difference 
between blood compartment and dialysate compartment. The weight loss was 
taken to be the patient's actual weight loss during haemodialysis, corrected for 
insensible perspiration (estimated as 0.5 g/kg body weight in 10 hours at a 
temperature of about 20oC), stools and vomit (if produced), food intake and volume 
of infusion and/or transfusion. In types 1, 2, 3, 4, 6 and 11 (plate dialysers) and 
in type 10 (hollow-fibre dialyser) the pressure difference equalled the sum of the 
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absolute values of thepressures in blood compartment and dialysate compartment. 
In the coil dialysers this difference equalled the pressure in the blood compart-
ment because no negative or positive pressure was exerted on the dialysate 
compartment. 
In imitation of Papadimitriou and Kulatilake (1969), the pressure in the blood-
draining section of the blood circuit was used as a measure for the pressure in 
the blood compartment. Negative pressure in the dialysate compartment was 
measured with a mercury or a membrane manometer. The line obtained by 
plotting the pressure difference against the rate of ultrafiltration provides a 
parameter for a comparative study of the ultrafiltration capacity of dialysers. 
The b l o o d t e s t in the dialyser upon completion of haemodialysis was deter-
mined by the method of van Hooff and Wijdeveld (1967, 1968). After disassembly 
of the dialyser the Cuprophane compartments were washed in a known quantity 
of a 0.9% NaCl solution. The haemoglobin concentration of the lavage fluid was 
then determined. With the aid of the patient's haemoglobin concentration, the blood 
volume corresponding with the haemoglobin concentration found in the lavage fluid 
was calculated. In the hollow-fibre dialyser, blood remained in the tubes in spite 
of washing. It proved possible to remove this blood rest by rapid deep-freezing 
and thawing of the tubes. The return of the blood to the patient after dialysis was 
effected in all dialysers with the aid of 100 ml physiological saline. 
Urea was determined by a urease method adapted to continuous flow analysis; 
creatinine was determined by an alkaline picrate method adapted to the same type 
of analysis (Jansenetal. 1970). Uric acid was determined according to Praetorius 
and Poulsen (1953), whose method was slightly modified in view of the low uric 
acid concentrations to be determined in the dialysate. 
Statistical methods 
Per dialyser, mean and standard deviation were calculated for the variables 
EVPM, blood rest and resistance. It was found that the standard deviations for the 
same variable in different types of dialyser often differed widely according to 
Bartlett's test. This is why the differences between the dialysers were submitted, 
not to one-way analysis of variance but to the k-sample test of Kruskal and 
Wallis (1952). Whenever this revealed a significant result for a given variable, 
analysis was continued by paired comparison of the dialysers for this variable, 
using Wilcoxon's two-sample test (Mann and Whitney 1947). 
For dialysance, the regression line in relation to the blood flow was first 
calculated, using the least squares method. This was justified because dialysance 
generally shows close and significant correlations with the blood flow. In the 
exceptional cases in which the correlation was not significant, the method to be 
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described was nevertheless used, for the sake of uniformity. Next, a number of 
equidistant blood flow values were chosen. Each of these values was submitted 
to the following procedure. First it was established for which dialysers the value 
fell in the interval of the actual blood flow values for those particular dialysers. 
All dialysers which met this requirement, were compared for their dialysance at 
that blood flow value. For this purpose, the dialysance corresponding with the 
blood flow value in question was determined for each of these dialysers from the 
regression line. Also the standard error in this dialysance was calculated by the 
least squares method. The dialysance values were then compared by one-way 
analysis of variance. When the resultof this analysis was significant, the dialysers 
involved were submitted to paired comparison by means of Student's two-sample 
t-test. This was also done in order to distinguish dialyser classes, as for other 
variables this was done with the aid of the Wilcoxon test. The use of analysis of 
variance and t-tests for the dialysances was considered justifiable because the 
residual variances of the regression lines were generally not significantly 
different. Moreover, application of the Wilcoxon test here would not be justified 
as the residues from a regression line are not independent. The procedure 
described for dialysance in relation to blood flow, was also used for ultrafiltration 
in relation to pressure difference. This means that ultrafiltrations in different 
dialysers were compared at given pressure difference values. 
The procedure used (k-sample test followed by two-sample tests for paired 
dialysers if the former was significant) does not give the guarantee against 
erroneous assignment of significance to a difference that multiple-comparison 
tests such as the Scheffé test can give. Testing on the 5% level with the Scheffé 
test, the risk of assigning significance to a difference between two dialysers which 
are in fact equivalent in terms of the variable tested, does not exceed 5%. Our 
procedure cannot give this extreme guarantee. But this does apply to each 
separate pair of dialysers. Also, with our procedure the risk that a difference 
between two dialysers is called significant although all dialysers compared are 
equivalent in terms of the variable considered, does not exceed 5%. The procedure 
has the advantage that generally more differences become significant in this way, 
so that a more exact and detailed classification of the dialysers can be achieved. 
Details of the statistical methods can be found in Hald (1952). 
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CHAPTER 4 
Results 
This chapter is devoted to the results obtained by measuring the parameters 
mentioned in chapter 2, using the methods described in chapter 3. It only describes 
results and conclusions. The discussion follows in chapter 5. 
Dialysance 
It has been explained in chapter 2 that the parameter dialysance is dependent on 
the blood flow rate. As discussed in chapter 2, the relationship between dialysance 
and blood flow rate is represented by a monotonously rising curve. 
Figure 4.1 shows the theoretically derived relationship between dialysance and 
Table 4.1: Mathematical and statistical data on the regression lines indicating the 
relationship between urea dialysance (y) and blood flow rate (x) for eleven types 
of dialyser. 
Type of Number of Blood flow Regression equation Correlation Residual 
dialyser observations rate range coefficient standard 
fml/min) deviation 
SF 
DK 
G 
GR 
Б 
RP 
HF 
UF 
EX 
DC 
GL 
33 
21 
20 
19 
16 
16 
18 
17 
18 
12 
18 
125 -
150 -
125 -
125 -
200 -
150 -
150 -
150 -
150 -
125 -
125 -
175 
200 
150 
150 
225 
225 
225 
225 
175 
175 
150 
у = 0.37 χ 
у = 0.18 χ 
у = 0.39 χ 
у = 0.25 χ 
у = 0.08 χ 
у = 0.07 χ 
у = 0.40 χ 
у = 0.15 χ 
у = 0.31 χ 
у = 0.42 χ 
у = 0.31 χ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
4.90 
31.91 
27.97 
37.69 
46.36 
51.26 
22.95 
76.76 
38.26 
16.63 
43.63 
0.66 
0.55 
0.53 
0.64 
0.34 
0.31 
0.66 
0.53 
0.48 
0.70 
0.66 
8.56 
7.21 
11.35 
7.53 
5.35 
8.72 
22.98 
12.49 
13.55 
10.22 
6.68 
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Fig. 4.1: The theoretically derived relationship between dialysance and blood flow 
rate at a constant dialysate flow rate and at a given PA. 
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blood flow rate at a constant dialysate flow rate and at given values of magnitude 
PA, discussed in chapter 2. It shows that, for a blood flow range of 100-250 ml/ 
min, the course of the curves hardly deviates from a straight line. This is why, 
for comparison of the dialyser types studied, regression lines were constructed 
for the relationship between dialysance and blood flow rate, using the least 
squares method. For these lines, table 4.1 gives the flow rate ranges, regression 
equations, correlation coefficients and residual standard deviations for the 
dialysance of urea. 
The table shows that only a small residual standard deviation was found so that, 
at least for a comparative study and over the actual blood flow range, can be 
proceeded from straight regression lines. Figure 4.2 presents the same data for 
each of eleven types of dialyser in graphs. In figure 4.3 the eleven regression 
lines are collated in order to elucidate the comparison. 
The eleven dialysance flow curves for urea were statistically compared with the 
aid of Student's two-sample t-test, at preselected blood flow rates. There was 
therefore no extrapolation. A comparison was made only if a sufficient number 
of observations had been made within the range in question. A survey of the 
statistical findings is presented in figure 4.4. 
The figure shows that five dialysers could be compared at a blood flow rate of 
125 ml/min. Three groups were distinguishable: the SF with the lowest dialysance; 
significantly different from the other four dialysers; the group GR, DC and G in 
which only G and GR differed significantly; and the GL with the highest dialysance, 
but not significantly different from the G. Ten dialysers could be compared at a 
blood flow rate of 150 ml/min, and again a few groups were distinguishable. 
Again the SF had the lowest dialysance, but not significantly different from the DK 
and the RP. There was a medium group of six types (GR, DC, GL, HF, EX and G), 
in which only GR and G were significantly different. The UF had the highest 
dialysance but differed significantly only from the GR, DC and GL. The features 
at a blood flow rate of 175 ml/min were in principle the same as at 150 ml/min. 
Again the UF had the highest dialysance, but did not differ significantly from the 
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HF. The E came into the picture for the first time at a blood flow rate of 200 
ml/min. It had the lowest dialysance, in one group with RP and DK. UF and HF 
had an unmistakably and significantly higher dialysance, but did not significantly 
differ form each other. Similar features emerged at a blood flow rate of 225 
ml/min. Types E, RP, DK and SF had the lowest dialysance without significant 
differences. GL, UF and HF had the highest dialysance, but this group did not 
always differ significantly from a medium group in which the remaining dialysers 
(GR, DC, G and EX) fell. 
A similar mathematical and statistical analysis was made of the dialysance of 
creatinine. Table 4.2 presents the data on the regression lines (least squares 
method) for the relationship between this dialysance and the blood flow rate. 
Again, a significant correlation was nearly always found for the presumed linear 
Table 4.2: Mathematical and statistical data on the regression lines indicating 
the relationship between creatinine dialysance (y) and blood flow rate (x) for 
eleven types of dialyser. 
Type of Number of Blood flow Regression equation Correlation Residual 
dialyser observations rate range coefficient standard 
(ml/min) deviation 
SF 
DK 
G 
GR 
E 
RP 
HF 
UF 
EX 
DC 
GL 
30 
19 
19 
19 
16 
18 
18 
23 
19 
12 
19 
125 -
150 -
125 -
125 -
200 -
150 -
150 -
150 -
150 -
125 -
125 -
175 
200 
150 
150 
225 
225 
225 
225 
175 
175 
150 
y = 0.16 χ 
y = 0.09 χ 
y = 0.43 χ 
y = 0.28 χ 
y = 0.10 χ 
y = 0.04 χ 
y = 0.28 χ 
y = 0.06 χ 
y = 0.18 χ 
y = 0.45 χ 
y = 0.39 χ 
+ 
+ 
-
+ 
+ 
+ 
+ 
+ 
+ 
-
+ 
27.13 
29.30 
5.08 
17.77 
26.35 
41.53 
15.93 
70.70 
34.48 
3.44 
18.37 
0.63 
0.46 
0.69 
0.70 
0.41 
0.18 
0.79 
0.35 
0.39 
0.71 
0.67 
5.20 
5.17 
8.56 
7.18 
5.30 
8.35 
11.30 
7.61 
9.90 
10.52 
7.80 
41 
DcTMtimne ( m l / m i n ) 
160-. 5 F 
120-
ao 
ι,Ο 
y , О 16 χ - 2 7 1 3 
г , 0 63 р < 0 001 
5у|к . 5 20 
VA 
160 
120 
80 
40-
у , 0 4 3 > - 5 0 в 
г . 0 6 9 р < 0 0 0 1 
Syix.ese 
W/-
160 
120-
о 
МО 
у.ОІОх »26 35 
Γ.0·41ρ>01 
S y | x , S 3 0 
160 τ HF 
y . 0 2 6 x • 15 93 
Гх0 79 p < 0 001 
1 2 0 - | S y | x s 1 1 3 0 
во 
MO 
V/-
160 
120 
ao 
MO 
EX 
у . 0 1 χ +3MM8 
r.0 39 0 0 5 < p < 0 1 
5 y | x ' 9 90 
WA-
Dk 
y.009x*29 30 
г.ОМб 0 0 1 < p < 0 0 5 
S y | x . 5 17 
VA 
G β 
y = 0 2 a x . 1 7 7 7 
^ r . 0 7 0 p < 0 001 
S y l x . / l ö 
VA 
R Ρ 
y = 0 & f x * - i t 1 5 3 
г . О І p > 0 1 0 
Sy|x=e 35 
^ 
i £ -
l/A 
UF 
y=0 0 6 x t70 70 
r . 0 3 5 0 0 5 < p < 0 1 
5 у | х
г
7 б 1 
9 o o -^^ f 
ITA 
DC 
у ^ ^ Э х - З · ! * ^ 
r=071 0 0 1 <p<0 05 
Sy|x = 10 52 
100 150 200 250 300 
VA 
ι 1 1 1 
100 150 200 250 300 
QB ( m l A™") 
42 
^creatinine(ml/mm ) 
160 -, 
120 
80 
І40 
GL 
у г 0 Л 9 х - 1 37 
г = 0 6 7 ОООПр<001 
8 у | х = 7 в 0 
VA-
100 150 200 .250 300 
q B (ml /mm) 
Fig.4.5: The dialysance (creatinine) - flow 
relationship for eleven types of 
dialyser, with relevant mathematical 
and statistical data per dialyser. 
^creatinine (ml/mm) 
ЫЭт 
120 
Ю0 
во 
60 
МО 
20 
VA 
—г— 
100 150 
—ι 1 
200 250 JOO 
Q B (ml/min) 
Fig. 4.9: Collation of regression lines 
indicating the dialysance (creatinine)-flow 
relationship for eleven types of dialyser. 
125 
150 
175 
2 0 0 
2 2 5 
(ml/min ) 
47 49 
SF в D 
43 47 51 
DK BP SF 
US MB 
DK RP 
Γ TT 
464049 
E DK BP 
ι—1 
л 
-η 
1 
53 
CGR( 
55 
6F 
1 
57 
iL 
596061 
HFGI EX 
64 
DC 
65 66 
EX HF 
ι—I 
77 79 
SLUF 
I 
75 
DC 
73 
HF 
61 
UF 
62 
UF 
ι 1 
4 6 5 0 
E RP 
60 64 
HF UF 
D creatinine imi/mm) 
Fig. 4.7: Results of statistical comparison (Student's two-sample t-test) of the 
creatinine dialysances of eleven types of dialyser at different blood flow rates. 
Dialysers linked by brackets did not significantly differ (p>0.05). 
43 
relationship between the two magnitudes, and the residual standard deviation was 
always very small. 
Figures 4.5 and 4.6 successively present the results per type of dialyser and a 
collation of the regression lines of all types. 
The statistical comparison of the eleven dialyser types is presented in figure 4.7. 
Again the differences were more marked at higher blood flow rates. Whereas at 
a blood flow rate of 125 ml/min only the GL stood out favourably, three groups 
formed again at increasing blood flow rates. The group with the lowest dialysance 
included DK, RP, SF and E. That with the highest dialysance included HF, UF and 
GL. The remaining dialysers formed a medium group, in which DC showed a 
non-significant difference from UF only at a flow rate of 175 ml/min. 
Finally, the data for urate were processed in a similar manner. The data on the 
dialysance (urate) - flow relationship are presented in table 4.3 and figures 
4.8, 4.9 and 4.10. 
In principle, the pattern of the dialysance-flow relationship was the same as that 
for the other substances. However, a higher blood flow rate was required to make 
the differences manifest. Again, HF and UF had the highest dialysance (GL was 
not considered in this comparison), while RP and E had the lowest dialysance. 
Table 4.3: Mathematical and statistical data on the regression lines indicating the 
relationship between urate dialysance (y) and blood flow rate (x) for ten types of 
dialyser. 
Type of Number of Blood flow Regression equation Correlation Residual 
dialyser observations rate range coefficient standard 
(ml/min) deviation 
SF 
DK 
G 
GR 
E 
RP 
HF 
UF 
EX 
DC 
25 
15 
14 
17 
14 
17 
16 
18 
20 
10 
125 -
150 -
125 • 
125 -
200 -
150 • 
150 -
150 • 
150 -
125 • 
175 
• 200 
- 150 
150 
• 225 
 225 
• 225 
 225 
175 
175 
y = 0.13 χ + 24.89 
y = 0.15 χ + 20.53 
y = 0.05 χ + 38.50 
y = 0.18 χ + 25.95 
y = 0.10 χ + 19.86 
y = 0.25 χ - 13.06 
y = 0.16 χ + 34.70 
y = 0.08 χ + 50.45 
y = 0.17 χ + 26.12 
y = 0.04 χ + 50.65 
0.58 
0.66 
0.13 
0.37 
0.48 
0.82 
0.70 
0.30 
0.66 
0.16 
5.01 
5.08 
6.34 
10.15 
4.78 
6.98 
9.02 
11.02 
4.64 
6.08 
Fig. 4.8: 
The dialysance (urate)-flow relationship for ten types of dialyser with 
relevant mathematical and statistical data per dialyser. 
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Particularly at higher blood flow rates, SF and DK had a significantly higher 
dialysance than the two lastmentioned dialysers. 
Reviewing these results as a whole, we find that the dialyser types examined fell 
into three groups: a group with low dialysance (RP, E, DK and SF), a group with 
medium dialysance (GR, DC, G and EX) and a group with the highest dialysance 
(UF, HF and GL). 
Effective volume rate of permeation into the membrane (EVPM) 
The parameter EVPM, theoretically derived in chapter 2, was applied only to the 
plate dialysers (SF, DK, G, GR, RPandGL) and to the hollow-fibre dialyser (HF) 
Table 4.4: The EVPM for urea in seven types of dialyser. 
Type of Number of EVPM for urea (mean ± SD) 
dialyser observations (ml/min) 
76.7 ± 16.3 
79.5 ± 20.8 
85.6 ± 15.6 
96.7 ± 37.7 
115.9 ± 23.5 
156.4 ± 24.0 
215.0 ± 64.4 
Table 4.5: Paired statistical comparison (Wilcoxon test) of the EVPM values for 
urea in seven types of dialyser.* 
DK 
SF 
RP 
G - -
GR xx xx χ 
GL xx xx xx xx xx 
HF xx xx xx xx xx χ 
DK SF RP G GR GL HF 
'Symbols in this table and other similar tables in this chapter: 
xx : ρ $ 0.01 
χ : 0.01<ρ<0.05 
- : ρ>0.05 
DK 
SF 
RP 
G 
GR 
GL 
HF 
13 
16 
16 
9 
8 
12 
9 
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because, as explained in chapter 2, the method of determining the EVPM is not 
applicable to dialysers which have no countercurrent flow pattern (UF, DC, EX 
and E). In the dialyser types examined, the EVPM was again studied for three 
substances: urea, creatinine and urate. The results obtained for urea are 
presented in table 4.4. 
The results were statistically compared, using the Wilcoxontest; the outcome is 
presented in table 4.5. 
We find that, in statistical terms, four types formed one population (DK, SF, RP 
and G), and that the same applies to GR, which did not differ significantly from 
G, and GL and HF. These seven dialyser types thus fell into four groups with 
respective EVPM values for urea of 76.7-96.7 ml/min (DK, SF, RP and G), 
115.9 ml/min (GR), 156.4 ml/min (GL) and 215.0 ml/min (HF). 
The data on the EVPM for creatinine showed virtually identical features, but of 
course on a lower level. These results are presented in table 4.6. 
Table 4.6: The EVPM for creatinine in seven types of dialyser. 
Type of Number of EVPM for creatinine (mean ± SD) 
dialyser observations (ml/min) 
DK 
RP 
SF 
G 
GR 
GL 
HF 
10 
14 
18 
8 
8 
13 
9 
55.2 ± 
60.8 ± 
66.2 ± 
68.9 ± 
70.9 ± 
98.6 ± 
109.5 à 
8.7 
11.8 
10.7 
21.2 
17.5 
29.3 
31.9 
Table 4.7: Paired statistical comparison (Wilcoxon test) of the EVPM value for 
creatinine in seven types of dialyser.* 
DK 
RP 
SF 
G 
GR 
GL 
HF 
-
-
-
χ 
XX 
XX 
DK 
-
-
-
XX 
XX 
RP 
-
-
XX 
XX 
SF 
-
X 
X 
G 
X 
X 
GR 
-
GL HF 
*See footnote Table 4.5. 
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Again, the results were statistically compared with the aid of the Wilcoxon test. 
The outcome is presented in table 4.7. 
Three groups could be distinguished which differed significantly with the exception 
of the GR (belonging to the second group but related to the first). The respective 
EVPM values for creatinine in the three groups were 55.2 - 68.9 ml/min (DK, RP, 
SF and G), 70.9 ml/min (GR) and 98.6 - 109.5 ml/min (GL and HF). 
Tables 4.8 and 4.9, finally, give the corresponding values of the EVPM for urate. 
Type GL was not included in this part of the study. The classification based on 
statistical findings was slightly different: type RP had the lowest EVPM (33.8 
ml/min), followed by SF, DK, G and GR with 53.7-79.3 ml/min (no significant 
intra-group differences), and the HF showed the highest EVPM for urate: 99.7 
ml/min; this was significantly higher than that of all other types except the GR. 
A review of these findings warrants the conclusion that type RP had the lowest 
EVPM values, although for urea and creatinine these did not differ significantly 
from those of types DK, SF and G. The highest values were attained by types HF 
and GL, while type GR had an intermediate position. 
Table 4.8: The EVPM for urate in six types of dialyser. 
Type of Number of EVPM for urate (mean ± SD) 
dialyser observations (ml/min) 
33.8 ± 15.3 
53.7 ± 9.4 
55.3 ± 9.5 
72.5 ± 24.5 
79.3 ± 28.7 
99.7 ± 16.2 
Table 4.9: Paired statistical comparison (Wilcoxon test) of the EVPM values for 
urate in six types of dialyser.* 
RP 
SF 
DK 
G 
GR 
HF 
14 
17 
10 
8 
8 
7 
RP 
SF 
DK 
G 
GR 
HF 
XX 
XX 
XX 
XX 
XX 
RP 
-
-
χ 
XX 
SF 
-
-
XX 
DK 
-
χ 
G GR HF 
•See footnote Table 4.5. 
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Fig. 4.11: Resistance to the blood flow (mean ± SD) in eleven types of dialyser. 
Resistance 
The data on the resistance to the blood flow in the dialysers examined, obtained 
by the method described in chapter 3, are presented in table 4.10 and figure 
4.11. 
We find that the dialysers fell into two groups: on the one hand that of the plate 
dialysers and the hollow-fibre dialyser, and on the other hand that of the three 
coil dialysers examined. The difference between these groups was so marked as 
to call for separate statistical analysis, again using the Wilcoxon test. Table 4.11 
presents the results of a comparison of the eight plate dialysers. 
We find that type E differed significantly from all other types. Type RP differed 
significantly from all types except GL. Type SF differed significantly from types 
G and GR. The remaining types (DK, HF and GL, G and GR with the exception of 
the relation to SF) did not show significant mutual differences. 
The three coil types showed significant mutual differences in resistance 
(p < 0.05). 
We conclude from this part of the study that type E had the lowest resistance 
(60.5 g.min/1), followed by type RP (112.3 g.min/1), and by type SF, which with 
155.2 g.min/1 had a significantly lower resistance than types G and GR. The 
highest resistance values (176.6 - 236.4 g.min/1) were characteristic of a group 
which included types DK, G, HF, GR and GL, without significant intra-group 
differences. The resistance of the coil dialysers was 7-12 times that of the plate 
dialyser with the highest resistance. In this group type UF had the lowest, and 
type EX the highest resistance, with type DC in an intermediate position. 
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Table 4.10: Resistance to blood flow in eleven types of dialyser. 
Type of Number of Resistance (mean ± SD) 
dialyser observations (g.min/1) 
E 
RP 
SF 
DK 
G 
HF 
GR 
GL 
UF 
DC 
EX 
7 
4 
10 
10 
7 
6 
6 
7 
4 
2 
4 
60.6 
112.3 
155.2 
176.6 
207.8 
208.8 
217.4 
236.4 
1590 
2050 
2830 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
15.1 
11.1 
37.9 
27.8 
48.9 
48.9 
44.1 
116.2 
220 
210 
200 
Table 4.11: Paired Statistical comparison (Wilcoxon test) of resistance to blood 
flow in eight types of plate dialyser.* 
E 
RP 
SF 
DK 
G 
HF 
GR 
GL 
χ 
XX 
XX 
XX 
XX 
XX 
XX 
E 
χ 
XX 
χ 
χ 
χ 
-
RP 
-
χ 
-
χ 
-
SF DK G HF GR GL 
•See footnote Table 4.5. 
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Ultrafiltration rate 
As explained in chapter 2, the term ultrafiltration is denned in dialysis termino­
logy as the phenomenon that a patient during dialysis undergoes a loss of water 
(with the extracellular fluid constituents dissolved in it). The adjustability of 
the ultrafiltration rate is one of the principal features of a dialyser. Chapter 3 
described the method of determining ultrafiltration rate from the corrected 
weight loss of the patient. 
For adjusting the ultrafiltration rate the relationship was studied between the 
ultrafiltration rate and the sum of the absolute values of the pressure in the 
efferent tube of the blood compartment and the pressure in the dialysate compart­
ment. 
The method was applied to five types of plate dialyser, the hollow-fibre dialyser 
and three coil dialysers. Table 4.12 reviews the regression equations of the 
relationship between ultrafiltration rate and the sum of the absolute values of the 
pressure in the efferent tube of the blood compartment and the pressure in the 
dialysate compartment. Type E and GR were not included in this part of the study. 
We find that the correlation between the two parameters examined was very high 
in eight dialyser types. In UF there was no relationship. Figure 4.12 presents a 
graph which shows the relationship per type of dialyser, while 4.13 collates the 
regression lines. The type UF was, of course, ommitted from these figures. 
Table 4.12: Regression equation (least squares method) and relevant data on the 
relationship between ultrafiltration rate (corrected body weight per dialysis, y) 
and the sum of the absolute values of the pressure in the efferent tube of the blood 
compartment and the pressure in the dialysate compartment (x) for nine types 
of dialyser. 
Type of 
dialyser 
SF 
DK 
G 
HF 
RP 
GL 
EX 
DC 
UF 
Pressure 
difference 
range 
(mm Hg) 
100 - 200 
100 - 200 
100 - 200 
100 - 250 
100 - 200 
100 - 250 
0 - 100 
0 - 200 
0 - 100 
Regression equation 
y = 22.95 χ -
y = 15.84 χ -
y = 17.41 χ -
y = 9.14 χ + 
y = 8.45 χ -
y = 13.80 χ -
y = 57.16 χ + 
y = 17.17 χ + 
y = -2,36 χ + 
1417.90 
575.12 
723.34 
448.16 
370.57 
475.78 
355.76 
502.44 
2714.18 
Correlation 
coefficient 
0.86 
0.73 
0.78 
0.73 
0.87 
0.92 
0.96 
0.76 
-0,08 
Significance 
p < 0 . 0 0 1 
p < 0 . 0 0 1 
0 . 0 0 1 < p < 0 . 0 1 
p < 0 . 0 0 1 
0 . 0 0 1 < p < 0 . 0 1 
0 . 0 0 1 < p < 0 . 0 1 
p < 0 . 0 0 1 
P-C0.001 
p > 0 . 1 
Residual 
standard 
deviation 
523.15 
445.84 
429.60 
413.92 
260.23 
478.50 
247.06 
681.26 
535.02 
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Fig. 4.12: Relationship between ultrafiltration rate (corrected Δ body weight) and 
the sum of the absolute values of the pressure in the efferent tube of the blood 
compartment and the pressure in the dialysate compartment, for each of eight 
types of dialyser. 
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Fig. 4.13: Collation of regression lines indicating the relationship between ultra­
filtration rate and the sum of the absolute values of the pressure in the efferent 
tube of the blood compartment and the pressure in the dialysate compartment for 
eight types of dialyser. 
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For statistical analysis, a paired comparison was made of the results at 
equidistant values of pressure difference, using Student's two-sample t-test. The 
results are presented in figure 4.14. A comparison was made only if a sufficient 
number of observations has been made within the range in question. Since the 
range of pressure difference for the coil types did not coincide with that for the 
other types, the coil kidneys were compared separately. 
At a pressure difference of 100 mm Hgthere were hardly significant differences 
between the six dialysers. Only the RP, with a mean ultrafiltration rate of 474 
ml/10 hours, had a significantly lower ultrafiltration rate than the G and the HF. 
Types SF, GL, G, DK and HF hadan ultrafiltration rate of 877-1362 ml/10 hours, 
without significant intra-group differences. At a pressure difference of 150 mm 
Hg the level of ultrafiltration increased. That of the RP (896 ml/10 hours) was 
now significantly lower than that in a group formed by GL, DK, HF, G and SF, 
without significant ultra-group differences (ultrafiltration rate: 1594 - 2025 ml/ 
10 hours). At 200 mm Hg the pattern was similar, but the SF (with an ultra-
filtration rate of 3172 ml/10 hours) had separated from the group formed by HF, 
GL, DK and G (2276 - 2759 ml/10 hours). Only from the G did the SF not signific-
antly differ. The RP had an ultrafiltration rate of 1319 ml/10 hours: significantly 
the lowest value. At a pressure difference of 250 mm Hg, only two types were 
compared: HF and GL, which did not significantly differ. 
The findings warrant the conclusion that the RP had the lowest ultrafiltration 
rate of these six dialysers. The SF, GL, G, DK and HF formed a group in which 
the SF had the most variable and (at higher pressure difference) the highest 
ultrafiltration capacity. 
The comparison of the two coil dialysers EX and DC gave significant difference. 
At a pressure difference of 50 mm Hg the DC, with a mean ultrafiltration rate 
of 1508 ml/8 hours, had a significantly lower ultrafiltration rate than EX with 
2545 ml/8 hours. 
Besides the quantity of ultrafiltration rate, its adjustability is a factor of signifi-
cance. This property will determine to what extent and accuracy the ultrafiltration 
rate can be regulated, by varying the pressure difference. 
Since the relationship between ultrafiltration and pressure difference is 
rectilinear, the augmentation of ultrafiltration rate over a standardized interval 
of pressure difference can be taken as a measure for adjustability. Given an 
interval of 100 mmHg these augmentations can be calculated for the different type 
of dialyser as the centuple of the regression coefficiens given in table 4.12. They 
are, in order of size, for EX 5716 ml/8 hours, for SF 2295 ml/10 hours, for G 
1741 ml/10 hours, for DC 1717 ml/8 hours, for DK 1584 ml/10 hours, for GL 
1380 ml/10 hours, for HF 914 ml/10 hours and for RP 845 ml/10 hours. As can 
be understood from the absence of correlation between ultrafiltration rate and 
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pressure difference for type UF (table 4.12), this type must be considered not 
regulable as far as ultrafiltration is concerned. 
Blood rest 
The blood rest was determined by the method described in chapter 3. The results 
are presented in table 4.13 and in the graph shown in figure 4.15. 
A paired comparison was made of these results with the aid of the Wilcoxon test. 
The results are presented in table 4.14. 
We find that, statistically, six groups were formed. The dialyser with the 
significantly smallest blood rest (1.8 ml) was the EX, followed by the UF (3.8 ml), 
which also significantly differed from the others. Then came three groups which 
did not always differ significantly: group RP, SF and GL with a blood rest of 
4.8 - 6.8 ml, group DK and DC with a blood rest of 9.2 and 10.5 ml, and group G 
and HF with a blood rest of 18.0-22.0 ml. With the exception of GL, which did 
not differ significantly from group DK and DC, and DC, which did not differ 
significantly from group G and HF, the groups showed significant intergroup 
differences. The E had significantly the largest blood rest: 91.2 ml. In this type 
the blood rest was also extremely variable, as appears from the high standard 
deviation. 
Bloedrest (ml ) 
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Fig. 4.15: Blood rest after draining (mean ± SD) for ten types of dialyser. 
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Table 4.13: Blood rest after draining in ten types of dialyser. 
Type of Number of Blood rest (mean ± SD) 
dialyser observations (ml) 
EX 
UF 
RP 
SF 
GL 
DK 
DC 
G 
HF 
E 
8 
8 
4 
16 
S 
10 
4 
7 
19 
6 
1.8 ± 0.2 
3.8 ± 0.3 
4.8 ± 0.6 
5.4 ± 1.4 
6.8 ± 3.5 
9.2 ± 5.0 
10.5 ± 3.6 
18.0 ± 8.6 
22.0 ± 14.5 
91.2 ± 56.5 
Table 4.14: Paired statistical comparison (Wilcoxon test) of the blood rest after 
draining in ten types of dialyser.* 
EX 
UF 
RP 
SF 
GL 
DK 
DC 
G 
HF 
E 
XX 
XX 
XX 
XX 
XX 
XX 
XX 
XX 
XX 
EX 
X 
XX 
X 
XX 
XX 
XX 
XX 
XX 
UF 
-
-
X 
X 
XX 
XX 
XX 
RP 
-
X 
X 
XX 
XX 
XX 
SF 
*See footnote Table 4.5. 
X X -
XX XX -
XX XX XX XX XX 
GL DK DC G HF E 
CHAPTER 5 
Discussion 
Since the introduction of haemodialysis as a clinical method of treatment, and 
particularly since the start of intermittent haemodialysis as a method to replace 
renal function, our knowledge of this process has greatly increased, and its 
methodology has been refined. At the same time there has been improvement of 
insight, not only into the possibilities but also into the limitations of this method 
of treatment. It is beyond doubt that dialysers are still far from comparable with 
real kidneys, even if the comparison is restricted to the letter's excretory 
functions. 
This study has not considered limitations imposed by the cost of this treatment 
and related to the manpower-demanding complexity of the apparatus; nor has the 
price of the dialyser types tested been taken into account. Perhaps superfluously, 
it may be noted here that the disposable dialyser types, in spite of their higher 
price, are so much safer, require so much less detailed attention on the part of 
the staff, and entail so much less risk of patient-to-patient infection (particularly 
with the hepatitis virus), that their use is rightly increasing. 
Limitations of a more theoretical nature are imposed by the extracorporeal 
character of haemodialysis, and by the fact that the 'process of purification' is 
applied to the fluid blood. Even if it would become possible to submit the blood 
passing through the dialyser to selective and total removal of substances to be 
eliminated from the patient, this process would still be confined to an amount of 
blood of a few hundred millilitres per minute - the amount which can be supplied 
by the cannulated vessels and rendered extracorporeal without an unacceptable 
decrease in blood pressure. 
Futhermore, elimination of metabolic end-products is partly dependent on the 
rate of supply from various body compartments to the extracellular fluid circu-
lating in the blood. This is why elimination of such substances as urea, distributed 
through the body fluid, will always require a considerable period of treatment. 
The fact that blood is a viscous fluid of heterogeneous composition imposes 
limitations on the geometry of dialysers and introduces the complicated three-
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layer separation between blood and dialysate, described in chapter 2. In view of 
this situation it is unlikely that membrane technology as such will be able to make 
fundamental contributions to an improvement of dialysis results. This does not 
mean, however that membranes of higher permeability could not ensure better 
dialysis of medium-size molecules, accumulation of which is believed to cause 
some of the pathological changes in chronic renal failure, particularly the urae-
mic polyneuropathy (Franz 1973). 
It is an important feature of this comparative study that it was carried out under 
clinical conditions. This has the disadvantage of making the results more difficult 
to interpret. But in comparison with characteristics known from in-vitro investig-
ations there are two advantages. First, this study accounts for elements of range 
which are customarily eliminated under laboratory conditions. Secondly, the 
observations were made on various parameters, specifically the blood flow rate, 
within a range consistent with reality. 
The problem statement of this study, as formulated at the end of chapter 1, could 
be described as an attempt to make an extra contribution to an optimal imitation 
of real kidneys with the aid of dialysers. The essence is the effort to establish 
the choice of a dialyser type optimally adapted to the clinical situation. The 
conclusions which in this respect can be drawn from the experimental findings, 
will be discussed with reference to table 5.1 and to the principal factors which 
influence the choice for an individual patient. 
On the basis of the experimental results, table 5.1 assigns to the various dialyser 
types numerical ratings for the investigated parameters, on the basis of the 
significant differences found. 
The following postulates were accepted in designing the rating scale. 
1. A dialyser type merits a higher rating by as much as the transfer of substance, 
measured from dialysance and/or EVPM, is effected more quickly. 
2. A dialyser type merits a higher rating by as much as resistance to blood flow 
is lower. 
3. With regard to the ultrafiltration rate the rating should account for the level 
of ultrafiltration rate on the one hand, and its adjustability on the other hand. The 
level was rated according to the ultrafiltration rate at a range of pressure 
difference between 100 and 200 mm Hg, for the plate types and the hollow fibre 
dialyser, and at a range of pressure difference between 0 and 100 mm Hg for the 
coil types. The level was read from the regression lines indicating the relation-
ship between corrected weight loss and pressure difference. Adjustability was 
rated according to the increase in corrected weight loss at an increase in 
pressure difference by 100 mm Hg. This increase can be either above or below 
the optimum. At a too rapid increase, excessive loss of fluid can readily occur, 
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Table 5.1: Ratings for dialysance, EVPM, resistance, ultrafiltration rate (amount 
and adjustability) and blood rest for the dialyser types tested (for explanation, 
see text). 
Dialyser 
type 
SF 
DK 
E 
G 
GR 
HP 
HF 
EX 
DC 
UF 
GL 
urea 
1 
1 
1 
2 
2 
1 
3 
2 
2 
3 
3 
Dialysance 
creatinine urate 
1 1 
1 1 
1 0 
2 2 
2 2 
1 0 
3 3 
2 2 
2 2 
3 3 
3 ? 
urea 
1 
1 
dna* 
1 
2 
1 
4 
dna 
dna 
dna 
3 
EVPM 
creatinine 
1 
1 
dna 
1 
2 
1 
3 
dna 
dna 
dna 
3 
urate 
1 
1 
dna 
1 
2 
0 
3 
dna 
dna 
dna 
7 
Resistance 
2 
1 
4 
1 
1 
3 
1 
0 
0 
0 
1 
Ultrafiltration rate 
amount adjustability 
3 4 
2 3 
? ? 
2 3 
? ? 
1 2 
2 2 
4 1 
2 3 
4 0 
2 3 
Blood rest 
3 
2 
0 
1 
1 
3 
1 
4 
2 
4 
3 
*dna = does not apply 
whereas at a too slow increase no sufficient loss of fluid can be effected. Admit-
tedly, the rating of this aspect of ultrafiltration rate is of arbitrary character. 
The figure 4 was assigned for an increase between 2000 and 3000 ml per haemo-
dialysis, the figure 3 for an increase between 1000 and 2000 ml and between 3000 
and 4000 ml; the figure 2 for an increase between 0 and 1000 ml and between 
4000 and 5000 ml; the figure 1 for an increase in excess of 5000 ml. Type UF was 
assigned figure 0 because no significant relationship was demonstrable between 
corrected weight loss on the one hand, and pressure difference on the other. 
4. With regard to blood rest a dialyser type merits a higher rating by as much 
as the blood rest is smaller. 
From the patient's point of view, treatment is largely determined by the following 
clinical factors: 
1) acute or chronic intermittent haemodialysis; 
2) the concentrations of metabolites such as urea, creatinine and urate; 
3) the degree of overhydration; 
4) the blood volume and the stability of blood pressure; 
5) the quality of arteriovenous shunt or Cimino fistula; 
6) the patient's haemoglobin concentration. 
With regard to haemodialysis in acute situations it can be postulated that, as a 
rule, there will be high metabolite concentrations and there will often be a certain 
degree of overhydration. The rate at which the metabolites, specifically urea, 
can be eliminated depends on the fear one has of the so-called dialysis 
dysequilibrium syndrome, which is believed to be based on cerebral oedema 
due to a too rapid decrease in the extracellular urea concentration (Roth et al. 
1964; Kerr et al. 1966; Hoeltzenbein 1969; Franz 1973). In acute situations, the 
blood will usually be supplied through a fresh arteriovenous shunt of good quality. 
Blood pressure stability and blood volume are dependent on the clinical situation 
and the dimensions of the individual involved. There will be no objection against 
blood transfusion as in chronic renal failure. In such a situation one will select 
a dialyser type with a moderate-to-high rate of substance transfer and a high and 
readily adjustable ultrafiltration rate, whereas such factors as resistance and 
blood rest are less important. The most suitable dialyser types for adults in this 
situation are G, GR, HF and GL. In the case of marked overhydration, EX can be 
considered. If overhydration dominates the picture, SF merits contemplation. 
For a child, RP seems suitable. 
In the situation of chronic intermittent haemodialysis, the various factors should 
also be weighed against each other. For example, high metabolite concentrations 
suggest the preferability of HF, UF or GL. Overhydration to such a degree that 
no control is required might lead to a choice of UF. A shunt of poor quality 
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necessitates adjustment to the dialyser resistance, and the choice will be made 
accordingly. Actually, one cannot with impunity interpose a blood pump in the case 
of a narrow blood vessel or a narrow cannula. In that situation there is a risk that 
the intima of the blood vessel is sucked onto the needle or cannula, or that air is 
sucked into a Cimino fistula through the needle. Unfortunately, dialysers with a 
low resistance (E, SF and RP) are not the best types in other respects. All three 
have a low rate of substance transfer and E has a very large blood rest as well. 
In any case, types EX, DC and UF are not the first to be considered. The choice 
will probably be between GL and HF, of which particularly GL has a high 
substance transfer at a low blood flow rate. 
The combination of a small blood volume and small afferent vessels is most 
likely to be encountered in children. But in their case the small total amount of 
metabolites reduces rapid substance transfer to a place of secondary importance, 
so that RP (also in view of its very small blood rest) seems the dialyser of choice 
for haemodialysis in children. 
Reviewing all these considerations we tend to conclude that an ideally equipped 
haemodialysis unit, with a preference for disposable types, should have available 
the types HF, GL and EX, possible also UF and, for dialysis in children, RP. The 
characteristics of these types should be available in such a unit. The advantage 
of this availability is not only the possibility of optimal adjustment of the equip-
ment but also the predictability of the results of haemodialysis which, particularly 
with regard to metabolite concentrations, could save many laboratory assays. 
In an effort to meet the possible need of dialyser units for a series of conveniently 
arranged data on these dialyser characteristics, the appendix of this thesis 
presents a number of tables listing data on the relationship between parameters 
of measurement and haemodialysis effects for the dialyser types considered in 
this study and selected above. Since straight regression lines can be used as 
starting-points for all effects, readers can simply interpolate for intermediate 
values. They should bear in mind, however, that the values listed are means and 
that some of the data cannot be given with statistical information about their 
ranges. 
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CHAPTER 6 
Summary 
Artificial kidneys, even if perfectly designed, are only a very imperfect substitute 
for real kidneys. If it were possible to give dialysers the same excretion proper-
ties as real kidneys, their use would still be marred by the absence of the careful 
control system, adapting itself to the demands of homoeostasis from minute to 
minute, within which normal kidneys are functioning. 
This thesis describes a study of some cardinal data on the properties of eleven 
types of dialyser: the ability to transfer substance, the resistance to blood flow, 
the amount and adjustability of ultrafiltration rate, and the amount of blood lost 
of necessity in haemodialysis. These data were studied under clinical conditions. 
The purpose of this study was not primarily to compare the performances of the 
dialysers tested. The primary objective was to collect data which would make it 
possible to choose a dialyser type in accordance with the actual clinical situation, 
thus making a contribution to an optimal imitation of the homoestatic control 
Chapter 1 introduces the subject by presenting a historical review of the develop-
ment of the artificial kidney. 
Chapter 2 outlines the theoretical background of the various parameters used in 
this thesis for qualification of various dialyser types. The parameters used for 
transfer of substance are the blood flow-dependent dialysance and the effective 
volume rate of permeation into the membrane (EVPM) which, in the practical 
range, is largely independent of the blood flow rate. The third parameter 
discussed is the resistance to the blood flow in the dialyser. The fourth para-
meter, closely associated with resistance, is the ultrafiltration rate, which has 
two separate facets: the level of ultrafiltration and its adjustability. The final 
parameter is the blood rest after emptying the dialyser. 
Chapter 3 describes the material and equipment used, and the methods employed 
to measure the parameters. The dialysers compared in this study are plate 
dialysers of the following types: Sweden Freezer Kiil (SF), Dasco Kiil (DK), 
Rhône-Poulenc (RP), Gambro (G), Gambro with recirculation of the dialysate 
(GR), Esmond (E) and Gambro-Lundia (GL); the hollow-fibre kidney (HF); and the 
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coil dialysers EX-01 (EX), Ultraflow 100 (UF) and Dasco 50 HFR (DC). This 
chapter also gives an account of the statistical methods used. 
Chapter 4 presents the results of measurements and a statistical comparison of 
the various dialysers. In terms of substance transfer, types GL, HF and UF 
proved to be superior. The lowest substance transfer was found with types RP, 
E, DK and SF, while types GR, DC, G and EX occupied an intermediate position 
in this respect. The lowest resistance was found in types E and RP. The three 
coil types had very high resistances: seven to twelve times as high as that of the 
plate dialyser with the highest resistance. SF occupied an intermediate position 
among the plate kidneys in this respect, while types DK, G, HF, GR and GL showed 
the highest resistances. In terms of the level of ultrafiltration rate, EX showed 
the highest value, even at a low pressure difference RP had the lowest ultra-
filtration rate. The intermediate group in this respect included types SF, GL, G, 
DC, DK and HF, with SF showing the best performance. The ultrafiltration rate 
in type UF was high but very variable. In terms of adjustability of ultrafiltration 
rate, type SF ranked first, followed by types DK, G, DC and GL. Types HF and RP 
ranked lower and EX ranked lowest, apart from the entirely inadjustability ultra-
filtration rate in type UF. As regards blood rest, the coil types showed the lowest 
values, followed immediately by DK.SFandGL. Types HF, G and GR had a signi-
ficantly larger blood rest, exceeded only by the very large and highly variable 
blood rest in type E. 
Chapter 5 applies the findings of chapter 4 to the problem statement of the study: 
the choice of dialyser type in relation to the clinical situation. This is done by 
giving the various dialysers ratings for the different parameters on the basis of 
statistically significant differences found. On the basis of these ratings, a choice 
can be made from the available and best qualified dialyser types. The principal 
clinical situations are acute renal failure and chronic intermittent haemodialysis, 
to be differentiated into that in adults and that in children. Within these groups, 
too, distinction can be made between conditions dominated by accumulation of 
metabolites and situations dominated by overhydration. If in an adult patient with 
acute renal failure accumulation of metabolites predominates, then the choice will 
be for dialyser types with a moderate-to-high rate of substance transfer and a 
not too high, readily adjustable ultrafiltration rate. This means a choice of types 
HF, GL, G or GR. In cases in which overhydration is more predominant, type EX 
is to be considered, or possibly type SF. 
For chronic intermittent haemodialysis the preference confines itself to disposable 
dialysers. Given high metabolite concentrations, types HF, GL or UF are conside-
red; given serious overhydration, type EX is suitable. With an arteriovenous 
shunt of less than optimal quality, a dialyser type with a low resistance is 
preferred whereas types UF and EX are best avoided. For dialysis of children, 
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the rate of substance transfer is of secondary importance in view of the relatively 
small amount of body fluid. In such cases priority is given to a relatively low, 
readily adjustable ultrafiltration rate and the smallest possible blood rest. Type 
RP is then the obvious choice, both in the situation of acute renal failure and in 
that of chronic intermittent haemodialysis. 
Reviewing all the findings, the conclusion is that an optimally equipped haemodia-
lysis unit should have the choice of a number of dialyser types, including at least 
types HF, GL, EX and RP. The choice can be made on the basis of the ratings or, 
for those who demand more quantitative information, on the basis of the tables 
presented in the appendix to this study. 
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APPENDIX 
Table 1: Mean dialysance for urea, creatinine and urate at certain blood flow 
rates for some dialyser types.*, **, *** 
Blood flow Dialysance urea 
rate (ml/min) 
125 
150 
175 
200 
225 
125 
150 
175 
200 
225 
125 
150 
175 
200 
225 
(ml/min) 
RP 
60 
62 
63 
65 
67 
SF 
52 
61 
70 
79 
88 
GL 
82 
90 
98 
106 
114 
Dialysance creatinine 
(ml/min) 
46 
47 
48 
49 
50 
47 
51 
55 
59 
63 
67 
77 
87 
% 
106 
Dialysance urate 
(ml/min) 
18 
24 
30 
37 
43 
41 
44 
47 
51 
54 
? 
? 
0 
? 
? 
HF 
73 
83 
93 
103 
113 
52 
59 
66 
73 
80 
55 
59 
63 
68 
72 
UF 
96 
100 
103 
107 
110 
77 
79 
81 
82 
84 
60 
62 
64 
66 
67 
EX 
77 
85 
93 
100 
108 
57 
62 
66 
71 
75 
47 
52 
56 
60 
64 
* Intermediate values can be interpolated. 
** Dialyser types: Hhône-Poulenc plate dialyser (RP), Sweden Freeser Kill 
modified as internal gasket haemodialyser with clamp (SF), Gambro-Lundia 
(GL), Hollow-Fibre kidney model 2 (HF), Twincoil Ultra-flow 100 (UF) and 
EX-01 (EX). 
***Dialysate flow rate 500 ml/min. 
66 
Table 2: EVPM (mean ± SD) for urea, creatinine and urate in some (tialyser 
types.*, ** 
RP SF GL HF 
(ml/min) (ml/min) (ml/min) (ml/min) 
Urea 
Creatinine 
Urate 
85.6 ± 15.6 
60.8 ± 11.8 
33.8 ± 15.3 
79.5 ± 20.8 
66.2 ± 10.7 
53.7 ± 9.4 
156.4 ± 24.0 
98.6 ± 29.3 
? 
215.0 ± 64.4 
109.5 ± 31.9 
99.7 ± 16.2 
Dialyser types: Rhône-Poulenc (RP), Sweden FreeserKiil modified as internal 
gasket haemodialyser with clamp (SF), Gambro-Lundia (GL), and Hollow-
Fibre kidney model 2. 
Dialysate flow rate 500 ml/min. 
Table 3: Mean ultrafiltration rate at some pressure differences (pressure in 
blood compartment measured in efferent channel + absolute value of pressure in 
dialysate compartment) for some dialyser types.*, **, ***. 
Pressure Ultrafiltration rate 
difference (ml/hour) 
(mm Hg) 
RP SF GL HF EX 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
47 
68 
90 
111 
132 
153 
174 
88 
145 
203 
260 
317 
374 
432 
90 
125 
159 
194 
228 
263 
298 
136 
159 
182 
205 
228 
251 
273 
224 
402 
581 
759 
* Intermediate values can be interpolated. 
** Dialyser types: Rhône-Poulenc (RP), Sweden Freeser Kill modified as internal 
gasket haemodialyser with clamp (SF), Gambro-Lundia (GL), Hollow-Fibre 
kidney model 2 (HF) and EX-01 (EX). 
** »Dialysate flow rate 500 ml/min. 
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Table 4: Blood rest after emptying the dialyser (mean ± SD).* 
Dialyser type 
EX 
UF 
RP 
SF 
GL 
HF 
Blood rest 
(ml) 
1.8 ± 0.2 
3.8 ± 0.3 
4.8 ± 0.6 
5.4 ± 1.4 
6.8 ± 3.5 
22.0 ± 14.5 
•Dialyser types: Rhône-Poulenc plate dialyser (RP), Sweden FreeserKiil modified 
as internal gasket haemodialyser with clamp (SF), Gambro-Lundia(GL), Hollow-
Fibre kidney model 2 (HF), Twincoil Ultra-Flow 100 (UF) and EX-01 (EX). 
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Stellingen 
1. Een goed geconstrueerde kunstnierafdeling dient over de mogelijkheden te 
beschikken om meer dan één kunstniertype toe te passen. 
2. Vervanging van cuprophaan met een dikte van 18 u door cuprophaan met een 
dikte van 13,5 u in eenzelfde kunstniertype leidt tot een niet of nauwelijks 
waarneembare toeneming van de capaciteit tot stoftransport, wel tot een 
toeneming van de ultrafiltratiecapaciteit. 
Toelichting: 
Gambro AB heeft zojuist een kunstniertype op de markt gebracht onder de 
naam Gambro Lundia Nova met de bedoeling het huidige type Gambro Lundia 
te vervangen. Het enige verschil tussen de twee typen is gelegen in de dikte 
van het gebruikte cuprophaan, zoals hierboven aangegeven. 
In augustus en september 1973 bestudeerden wij, met de in dit proefschrift 
beschreven methoden, 20 exemplaren van dit kunstniertype. De resultaten zijn 
gegeven in de hiernaast aangegeven tabel en figuren. 
Toetsing met de in dit proefschrift gebruikte statistische methoden leverde 
geen significant verschil ( p > 0.05) voor de metingen van dialysance en EVPM. 
Er was wel een significant verschil in de ultrafiltratiesnelheid. 
Deze situatie betekent dat, bij invoering het type GLN, oftewel bij een vrijwel 
gelijk stoftransport een hogere ultrafiltratie oftewel bij een gelijke ultrafil-
tratie een minder groot stoftransport moet worden geihcasseerd. Dit over-
wegende verdient het aanbeveling beide typen te beschikking te houden. 
3. De dialyse met coilnieren i s , wegens de hoge obligatie ultrafiltratie en de 
zeer hoge drukken (tot 400 mm Hg) die ontstaan in de coilnier bij dialyse in 
het normale stroomsnelheidstraject, veel gevaarlijker dan de dialyse met 
platennieren of de hollow fibre kunstnier. 
4. Disposable kunstnieren hebben naast een kleiner dialyse-technisch ris ico, 
zoals een kleiner extracorporaal volume en een lager percentage lekken, het 
grote voordeel van verminderde kans op besmetting van de patiënt en perso-
neel met het hepatitis virus. 
5. De schommelingen in de bloedconcentratie van magnesium bij met chronische 
intermitterende haemodialyse behandelde patiënten maken de beoordeling van 
de veranderingen in de nervale geleidingstijd bij bestaande Polyneuropathie 
moeilijk. 
(Stewart, W.K., Fleming, L.W., Anderson, D.C., Lenman, J.A.R., Jamieson, 
D.G. (1967) Changes in plasma electrolytes and nerve-conduction velocities 
during chronic haemodialysis without magnesium. Proc Eur Dialysis Trans-
plant Assoc 4, 285. 
Het EVPM (gemiddelde ± SO) voor ureum en creatinine van de kunstniertypen 
Gambro Lundia Nova (GLN) en Gambro Lundia (GL). 
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Het verband tussen dialysance (ureum, creatine en uraat) en bloedstroom voor 
het kunstniertype Gambro Lundia Nova (GLN) in vergelijking met het type Gambro 
Lundia (GL). Het verband tussen ultrafiltratiesnelheid en het drukverschil voor 
deze twee kunstniertypen. 
6. Bij de intra-articulaire toediening van corticosteroi'den bij rheumatische 
gewrichtsaandoeningen dient men een mogelijk nadelige invloed op het 
gewrichtskraakbeen te beseffen. 
7. Het achterblijven van de ontwikkeling van faciliteiten voor niertransplantatie 
in Nederland zal eerst leiden tot overinvestering en daarna tot leegstand van 
dialyseplaatsen. 
(Advies inzake Haemodialyse en Niertransplantatie. Verslagen en Rapporten 
Volksgezondheid nr. 21 (1972)). 
8. Zoals de nier van de mens een zuiverende functie bezit voor zijn milieu 
interieur, zo dient natuurbeheer een overeenkomstige functie te verkrijgen 
voor 's mensens uitwendig milieu. 
9. Het natuurbeheer dient er voor te waken dat het waterpeil in verschillende 
natuurreservaten niet te veel daalt als gevolg van goede afwatering van 
omliggende terreinen. Het eigen karakter van deze reservaten wordt daardoor 
bedreigd. 
10. Rheumaptera bastata heeft, naast het beschreven biotoop van open dennen-
bossen met ondervegetatie van Vaccinium mirtyllus (Lempke 1967), een 
optimaal biotoop in heidegebieden met berkengroepen. 
(Lempke, B.J. (1967) Catalogus der Nederlandse Macrolepidoptera. Tijd-
schrift voor Entomologie 110, 336). 
11. Een wetenschappelijke stage is een wezenlijk onderdeel van de studie in de 
geneeskunde. Deze dient bij voorkeur ongeveer in het midden van het curri-
culum te worden geplaatst. 
12. De tegenwoordig in bepaalde kringen beoogde gelijkheid van kennis is even 
bizar als een streven naar gelijkheid van schoenmaat. Ze kan slechts worden 
gerealiseerd door amputatie of leegloop. 
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